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I	declare	that	 this	 thesis	 is	my	own	account	of	my	research	and	contains	as	 its	main	content	



















the	 life-cycle	 and	 cultural	 requirements	 of	 the	 fungus.	 Furthermore,	 production	 has	 been	
hampered	by	an	emergent	disease	syndrome	termed	‘truffle	rot’,	which	has	caused	losses	of	
up	 to	 35%	 of	 the	 national	 truffle	 harvest	 (2010).	 This	 thesis	 investigates	 the	 cultural	
requirements	of	Australian	truffle	plantations	entering	the	productive	phase,	with	the	aim	of	




Early	 fructification	at	 the	Hazel	Hill	 Pty.	 Ltd.	 truffière	 showed	a	distinct	 spatial	 variation	and	
this	was	examined	 in	a	multivariate	survey	of	soil	and	plant	nutritional	traits	with	the	aim	of	








+,	 available	 K,	 and	 available	 P.	 Foliar	 chemistry	 accounted	 for	 22.6%	of	 variation	
between	 groups	mainly	 due	 to	 S,	N,	 and	 P	 levels.	 This	 is	 the	 first	 study	 to	 demonstrate	 the	
importance	of	macro-nutrient	nutrition	to	the	early	fructification	of	T.	melanosporum.		
The	syndrome	termed	‘truffle	rot’	has	emerged	as	a	significant	issue	for	truffle	growers	across	
Australia,	 resulting	 in	 losses	of	 greater	 than	35%	of	 the	Australian	 truffle	 harvest	 in	 2010.	A	
series	 of	 studies	 describing	 the	 symptomology	 and	 biology	 of	 the	 rot	 problem	 were	
undertaken	with	the	aim	of	understanding	its	cause.	The	analysis	of	commercial	harvest	data	
showed	that	the	probability	of	an	ascocarp	being	affected	by	rot	was	correlated	with	ascocarp	
depth.	 Erumpent	 ascocarps	were	 4	 times	more	 likely	 to	 develop	 symptoms	 than	 hypogeous	
ascocarps.	Covering	ascocarps	with	soil	significantly	reduced	the	incidence	of	rot	and	this	was	
independent	of	damage	to	the	peridium	applied	using	a	sterile	scalpel.	The	biotic	component	




Isolates	 of	 Trichothecieum	 crotocinigenum	 and	 Acrostalagmus	 luteoalbus	 were	 selected	 for	
further	 investigation.	Pathogenicity	 testing	showed	that	T.	crotocinigenum	was	able	 to	cause	
rot	 in	 healthy	 ascocarps	 in	 the	 field.	 Re-isolation	 confirmed	 the	 pathogenicity	 of	 T.	
crotocinigenum	by	 confirming	 Koch’s	 postulates.	 It	 was	 concluded	 that	 erumpent	 ascocarps	
are	 exposed	 to	 a	 range	 of	 environmental	 and	 biotic	 stressors,	 including	 T.	 crotocinigenum,	
leading	 to	 the	 rot	 of	 ascocarps.	 Covering	 erumpent	 ascocarps	 with	 soil	 during	 growth	 was	
shown	to	be	an	effective	management	strategy.		
Irrigation	 of	 European	 truffle	 plantations	 is	 often	 done	 on	 an	 ad	 hoc	 basis	 from	 grower	
experience	and	correlation	of	ascocarp	yields	with	regional	rainfall	patterns,	and	as	such	may	
be	 of	 limited	 value	 to	 Australian	 growers.	 A	 number	 of	 field	 trials	 were	 undertaken	 to	
investigate	 the	 water	 requirements	 for	 truffle	 cultivation	 in	 Australia	 with	 the	 aim	 of	
understanding	whether	irrigation	technique	is	related	to	the	depth	of	ascocarp	formation	and	
truffle	rot.	The	main	experiment	compared	the	effects	of	five	irrigation	rates	(0,	9,	37,	50	and	
100%	 of	 evapotranspiration	 replacement)	 and	 irrigation	 intervals	 (weekly	 or	 monthly	
application)	in	a	split	plot	design	over	two	years.	A	second	experiment	applied	drought	periods	
of	 6	 or	 12	 weeks	 at	 different	 times	 of	 the	 ascocarp	 development	 cycle.	 The	 number,	 size,	
depth	and	condition	of	ascocarps	were	recorded	to	assess	the	treatment	effects.	
Reducing	the	amount	of	water	applied	from	100	to	50%	of	ETC replacement,	and	increasing	the	
irrigation	 interval	 from	 weekly	 to	 monthly,	 had	 no	 effect	 on	 the	 number	 of	 ascocarps	
produced.	 Monthly	 irrigation	 increased	 the	 number	 of	 producing	 trees.	 However,	 drought	
periods	of	6	or	12	weeks	reduced	ascocarp	production.	High	rates	and	frequency	of	irrigation	
increased	 the	 frequency	 of	 erumpent	 ascocarps,	 which	 was	 associated	 with	 an	 increased	
incidence	of	 truffle	 rot.	These	results	demonstrate	that	ascocarps	are	sensitive	to	excess	soil	
moisture	which	can	lead	to	increased	incidence	of	disease.		
The	 tillage	 of	 soil	 is	 a	 routine	 practice	 in	 European	 truffle	 plantations,	 yet	 there	 is	 a	 lack	 of	
scientific	research	to	determine	its	precise	effects	on	ascocarp	productivity.	Two	studies	were	
undertaken	 to	determine	 the	effects	of	 soil	 tillage	on	ascocarp	yield	and	quality.	 The	 first,	 a	
preliminary	study,	compared	the	effects	of	tillage	using	a	rotary	hoe	and	a	non-tilled	control.	
The	 second	 study	 tested	 three	different	 tillage	methods	 in	order	 to	determine	 the	optimum	
technique	 for	 plantation	 management.	 Tillage	 significantly	 reduced	 the	 proportion	 of	








treatment.	 In	 the	 tillage	 method	 trial,	 no	 significant	 effects	 on	 ascocarp	 productivity	 were	




This	 research	 advances	 our	 understanding	 of	 the	 cultural	 requirements	 of	T.	melanosporum	
ascocarp	production	 in	Australia.	The	results	demonstrate	the	exposure	of	truffles	at	the	soil	




and	 root	 damage	 to	 mature	 trees	 may	 prevent	 its	 adoption	 in	 some	 circumstances.	 It	 is	
hypothesised	that	soil	hypoxia	may	be	the	primary	driver	of	truffle	rot,	possibly	exacerbated	by	
high	 winter	 temperatures	 and	 rainfall	 in	 the	 Manjimup	 region	 of	 south-western	 Australia.	
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Chapter 5: 	 The symptomology and biology of truff le rot in Western 













































































Chapter 7: 	 The effect of soil  t i l lage on ascocarp production and 









































Chapter 1: Introduction and thesis aims 
Background 
Truffles	 are	 the	hypogeous	 fruiting	bodies	of	 the	mycorrhizal	 ascomycete	 fungi	belonging	 to	
the	genus	Tuber.	Within	the	genus	there	are	a	handful	of	species	that	are	highly	appreciated	in	
culinary	 use	 for	 their	 unique	 flavour	 and	 aroma.	 One	 of	 the	 most	 prized	 is	 the	 French,	 or	
Périgord	Black	Truffle	(Tuber	melanosporum	Vittad.).	During	the	past	100	years,	harvest	of	this	
species	 has	declined	dramatically	while	 its	 prestige	has	 increased.	 It	 has	become	one	of	 the	
most	expensive	foods	in	the	world,	fetching	up	to	$3000	kg-1	at	a	retail	level.	For	thousands	of	
years	the	cryptic	lifestyle	and	taxonomy	of	this	fungus	has	been	the	subject	of	great	intrigue.	








Recent	 advances	 have	 greatly	 increased	 our	 knowledge	 of	 the	 biology	 and	 taxonomy	 of	 T.	
melanosporum,	 yet	many	of	 the	 cultivation	practices	 have	 evolved	 very	 little	 over	 the	 same	
period.	 Cultivation	 practices	 have	 largely	 been	 established	 on	 an	 ad	 hoc	 basis	 from	
accumulated	grower	experience	and	tradition	within	Europe,	with	surprisingly	 little	empirical	
support.	 With	 the	 introduction	 of	 truffles	 to	 areas	 outside	 of	 their	 native	 range,	 such	 as	




of	 the	 global	 harvest	 of	 T.	 melanosporum.	 The	 truffle	 industry	 in	 Australia	 was	 established	
through	private	financing	using	technology	 imported	from	Europe	and	New	Zealand,	with	no	









Brown	 investigated	 the	 competition	 between	 T.	melanosporum	 with	 native	 ectomycorrhizal	
fungi	 in	 Tasmania	 and	how	 the	 competiveness	was	 influenced	by	 soil	 pH	 and	P	 fertilisation.	
Bradshaw	 studied	 carbohydrate	 dynamics	 within	 the	 host	 tree	 (Corylus	 avellana	 L.)	 with	
reference	 to	 the	 consequences	 for	 truffle	 production	 as	 well	 as	 the	 influence	 of	 pruning,	
fertilisation	and	liming	on	carbohydrate	dynamics	and	mycorrhizal	colonisation.	
Thesis aims 
This	 thesis	 investigates	 a	 number	 of	 issues	 facing	 Australian	 truffle	 plantations	 entering	 the	
productive	 phase.	 The	 suitability	 of	 European	 management	 techniques	 under	 Australian	




Chapter	2	will	 review	 the	 scientific	 literature	on	 the	 truffle	 as	well	 as	 the	 range	of	 technical	
manuals	and	 reports	 that	contain	 the	bulk	of	published	knowledge	 regarding	cultivation	and	




sections	 of	 the	 thesis.	 The	 work	 aims	 to	 understand	 the	 truffle	 developmental	 phenology	
within	Western	Australia	 (WA),	 in	order	 to	better	 adapt	existing	management	 techniques	 to	
WA	 and	 allow	 a	 better	 understanding	 of	 how	management	 interventions	 impact	 on	 truffle	
development.		







as	a	significant	 issue	 in	Australia,	resulting	 in	 losses	of	over	50%	of	the	crop	at	the	study	site	









The	 sustainable	 optimal	 fructification	 of	 Tuber	 melanosporum	 relies	 on	 the	 availability	 of	
moisture	over	the	summer	initiation	period.	Despite	this,	there	is	paucity	of	empirical	data	on	
the	 water	 requirement	 of	 the	 developing	 truffle.	 Chapter	 6	 presents	 several	 experiments	
aimed	 at	 better	 understanding	 the	 water	 requirements	 of	 the	 developing	 truffle	 in	 the	
Australian	 context.	 Attention	 is	 given	 to	 the	 level	 of	 productivity	 as	well	 as	 the	 commercial	
quality	of	ascocarps	and	incidence	of	rot.	Three	hypotheses	are	investigated:	
H5:	Reducing	the	rate	and	frequency	of	irrigation	reduces	truffle	yields,		
H6:	 Reducing	 the	 rate	 and	 frequency	 of	 irrigation	 increases	 the	 depth	 at	 which	 truffles	 are	
found,	and	
H7:	Reducing	the	rate	and	frequency	of	irrigation	reduces	the	incidence	of	truffle	rot.	
Chapter	 7	 investigates	 the	 effects	 of	 soil	 tillage	 on	 truffle	 productivity	 and	 truffle	 rot.	 Soil	
tillage	 is	widely	used	 in	European	truffières	with	a	range	of	purposes	and	stated	benefits	yet	
very	 little	data	 to	support	 it.	Furthermore,	 tillage	at	 the	wrong	 time	or	when	done	 in	excess	
can	 negatively	 impact	 on	 truffle	 productivity.	 In	 Australia,	 tillage	 is	 rarely	 practiced,	 but	
evidence	 suggested	 it	 may	 be	 useful	 in	 reducing	 the	 depth	 of	 truffles.	 Two	 separate	





in	 trufficulture	 and	 related	 fields	 with	 particular	 reference	 to	 the	 management	 of	 truffle	













Chapter 2: Literature review  
	
Truffles 
From	 a	 scientific	 standpoint,	 the	 term	 truffle	 is	 not	 well	 defined.	 In	 some	 literature,	 true	
truffles	are	 limited	to	hypogeous	ascomycetes	within	the	genus	Tuber,	occasionally	 including	
those	 hypogeous	members	 of	 the	 Pezizaceae	 such	 as	 the	Terfezia	 spp.	 commonly	 known	 as	
desert	truffles.	The	remaining	hypogeous	sporocarps	are	labelled	as	truffle-like	fungi	or	‘false’	
truffles.	 Læssøe	 &	 Hansen	 (2007)	 define	 truffles	 as	 members	 of	 the	 Ascomycota,	 which	
produce	 ascocarps	 at	 or	 below	 the	 soil	 surface	 and	 have	 lost	 the	 ability	 of	 active	 spore	







Sequestrate	 fungi	 are	 found	 in	 a	 broad	 range	 of	 taxonomic	 groups	 including	 Acomycota,	
Basidiomycota	 as	 well	 as	 Glomeromycota.	 Worldwide	 it	 is	 estimated	 that	 4,500	 to	 5,500	
sequestrate	 species	 exist	 (Mueller	 et	 al.	 2007).	 All	 of	 these	 are	 believed	 to	 share	 the	
mycorrhizal	lifestyle,	forming	a	symbiotic	relationship	with	a	host	plant.	The	hypogeous	habit	is	
thought	to	have	evolved	in	response	to	drying	climates;	providing	the	sporocarps	with	a	buffer	
against	 the	 extremes	 of	 temperature	 and	 desiccation,	 which	 can	 retard	 or	 prevent	 spore	
discharge	 in	 epigeous	 species.	 However,	 the	 hypogeous	 habit	 presents	 a	 problem	 for	 the	
dispersion	of	propagules.	Sequestrate	fungi	have	developed	a	number	of	novel	adaptations	for	
spore	 dispersal	 via	 small	 animals,	 from	 arthropods	 through	 to	 birds	 and	 mammals.	 Many	
species	produce	a	range	of	volatile	compounds	that	attract	animals	that	seek	out	and	consume	
the	 sporocarps.	 Truffle	 spores	 often	 possess	 distinct	 pattern	 of	 ornamentation,	 which	 is	
resistant	 to	passage	through	the	gut.	The	result	of	 this	 is	 that	spores	are	deposited	 in	 faecal	
pellets,	which	present	a	rich	medium	for	root	growth.	This	in	turn	allows	for	the	establishment	
of	mycorrhizae	and	continuation	of	the	fungal	life	cycle.	
The	 genus	 Tuber	 is	 the	 largest	 genus	 of	 sequestrate	 fungi	 consisting	 of	 over	 180	 species	
distributed	 across	 the	 Northern	 Hemisphere.	 Although,	 mycorrhizas	 of	 an	 unknown	 Tuber	






their	quality,	prestige	and	associated	price;	 the	 Italian	White	Truffle	 (Tuber	magnatum	Pico.)	
and	 the	 French	 or	 Périgord	 Black	 Truffle	 (Tuber	 melanosporum).	 Presently,	 the	 Australian	
truffle	 industry	 is	based	primarily	on	T.	melanosporum	as	attempts	to	cultivate	T.	magnatum	
have	been	unsuccessful.		
Why study Tuber melanosporum? 
There	are	many	reasons	why	truffles	are	of	interest	to	science.	From	an	Australian	perspective	
truffles	are	a	scarce	and	economically	valuable	product.	This	has	 led	 to	 the	establishment	of	
the	 burgeoning	 industry	 of	 Tuber	 melanosporum	 in	 Australia.	 Despite	 the	 early	 success	
however,	 there	 are	 large	 gaps	 in	 basic	 knowledge	 of	 the	 life	 cycle	 and	 cultivation	 of	 T.	
melanosporum,	 with	 the	 result	 that	 many	 plantations	 fail	 to	 reach	 commercial	 production.	
Those	that	succeed	face	a	range	of	unique	challenges	associated	with	production	of	a	crop	in	a	
new	 environment.	 Therefore,	 scientific	 research	 is	 critical	 to	 improve	 yields	 and	 ensure	
sustainability	 of	 the	 industry.	 Aside	 from	 the	 economic	 value,	 truffles	 are	 culturally	 and	
ecologically	 valuable	 within	 their	 natural	 distribution,	 particularly	 in	 France	 and	 Italy	 where	
there	 is	 a	 long	history	of	 truffle	 collection	and	 consumption.	 In	 the	 last	 100	 years	 there	has	
been	a	ca.	100-fold	decrease	in	natural	production	of	T.	melanosporum,	which	has	led	to	fears	
about	local	extinction	in	certain	areas.	This	has	prompted	research	into	the	artificial	cultivation	
of	 truffles	 and	 the	 development	 of	 sterile	 inoculation	 techniques,	 which	 now	 underpin	 the	
modern	truffle	industry.	With	the	publication	of	the	genome	lead	by	Francis	Martin	(Martin	et	
al.	 2010),	 T.	 melanosporum	 became	 only	 the	 second	 ectomycorrhizal	 fungus	 to	 have	 its	
genome	sequenced.	Therefore,	it	can	now	be	regarded	as	a	model	organism	for	understanding	
the	ectomycorrhizal	lifestyle.	
Historical consideration of truffles 
‘The most learned men have been questioned as to the nature of this tuber, and 
after two thousand years of argument and discussion their answer is the same as 
it was on the first day: we do not know. The truffles themselves have been 
interrogated, and have answered simply: eat us and praise the Lord.’  
Alexandre Dumas [1802-1870] (2005) 
	
The	 earliest	 known	 record	 of	 the	 consumption	 of	 truffles	 was	 a	 Sumerian	 text	 from	 the	








truffles	 (Terfezia	 spp.)	 found	 in	 Turkey,	 the	 Middle	 East	 and	 North	 Africa	 rather	 than	 the	
species	of	Tuber	which	are	more	highly	regarded	today.	During	the	Middle	Ages,	truffles	seem	
to	have	 lost	 their	esteem	and	were	 regarded	as	peasant	 food	and	even	acquired	a	 satanical	
connotation	 (Hall	 et	 al.	 2007).	 It	 was	 not	 until	 the	 14th	 century	 that	 truffles	 regained	 their	
prestige,	 and	 began	 appearing	 on	 the	menus	 of	 French	 and	 Italian	 royalty.	 Their	 popularity	
reached	a	peak	in	the	19th	century,	which	is	now	regarded	as	the	‘golden	age	of	truffles’	due	to	
high	demand	as	well	as	unprecedented	production.	This	increased	productivity	was	the	result	
of	 the	 primitive	 cultivation	 techniques	 pioneered	 by	 Joseph	 Talon,	 and	 helped	 along	 by	 the	
availability	 of	 suitable	 land	 largely	 due	 to	 an	 outbreak	 of	 the	 phylloxera	 aphid,	 which	
devastated	the	wine	industry	in	many	areas	of	France	in	the	late	1800’s.	The	rise	in	popularity	




they	 are	 the	 product	 of	 decomposition	 of	 earth	 and	 roots	 or	 that	 they	 are	 a	 root	 disease	
caused	 by	 the	 bite	 of	 a	 fly.	 Other	 texts	 claim	 that	 they	 form	 spontaneously	 from	
thunderstorms	 at	 the	 point	 at	 which	 lighting	 touches	 the	 earth.	 The	 Greek	 philosopher	
Theophrastus	(372-287	B.C.)	first	suggested	that	they	might	be	propagated	from	seed	(Delmas	
1978).	Other	ancient	scholars	recognised	their	association	with	specific	plant	species	and	their	
appearance	after	 summer	 thunderstorms	 (see	 references	within	Hall	et	al.	 2007).	 It	was	not	
until	 the	 invention	of	 the	microscope	 that	 Italian	naturalist	Giambattista	della	Porta	 in	1588	
observed	 the	 spores	 within	 truffles	 and	 correctly	 classified	 them	 as	 fungi.	 Carlo	 Vittadini	




practice,	Chatin	was	beaten	 to	 the	point	by	a	French	peasant	 farmer	by	 the	name	of	 Joseph	
Talon,	 who	 developed	 the	 first	 primitive	 techniques	 of	 truffle	 cultivation.	 In	 1808	 Talon	
transplanted	 the	 seedlings	 growing	 beneath	 truffle	 producing	 trees.	 Many	 years	 later	 he	
observed	 that	 these	 trees	 also	 produced	 truffles.	 Throughout	 his	 life	 Talon	 quietly	 acquired	







Perhaps	 the	most	 significant	 breakthrough	 in	 understanding	 the	 truffle	was	made	 by	 Albert	
Bernhard	 Frank.	 In	 the	 late	 19th	 century	 Frank	was	 commissioned	 by	 the	 King	 of	 Prussia	 to	
develop	a	reliable	method	of	 truffle	cultivation.	 In	the	process	Frank	 identified	the	nature	of	
the	 link	 between	 the	 tree	 and	 the	 truffle	 which	 he	 coined	 ‘mykorrhizen’	 (Frank	 1885)	 or	
mycorrhiza	in	English	(myco	meaning	fungus,	and	rhiza	meaning	root).	Since	then	mycorrhizal	
relationships	have	been	found	not	only	to	exist	between	over	86%	of	plant	species	(Brundrett	
2009)	 but	 to	 be	 critical	 in	 the	 evolution	 and	 function	 of	 plants	 in	 the	 natural	 environment	
(Brundrett	2002;	Redecker	et	al.	2000;	Selosse	&	Le	Tacon	1998;	Smith	&	Read	2008).	 It	was	









that	 average	 European	 truffle	 production	 from	 2003-2012	 was	 significantly	 less.	 Reyna	 &	
Garcia-Barreda	 (2014)	 estimates	 that	 for	 that	 period	 there	was	 only	 around	 58	 T	 produced,	
with	 31.3	 T	 of	 that	 coming	 from	 France,	 11	 T	 from	 Italy	 and	 15.9	 T	 from	 Spain.	 This	 steep	
decline	 in	 production	 came	 after	 the	 two	 world	 wars,	 which	 not	 only	 decimated	 rural	




of	 the	 truffle.	 Despite	 the	 development	 of	 sterile	 inoculation	 techniques	 in	 the	 1970’s,	 the	
increase	 in	 plantation	 establishment	 and	 new	 scientific	 research,	 truffle	 production	 has	 still	
managed	 to	decline.	 Recent	 analysis	 by	Büntgen	et	 al.	 (2012)	 found	a	 significant	 correlation	
between	 decreasing	 summer	 rainfall,	 increasing	 summer	 temperatures	 and	 the	 decline	 in	
truffle	production	over	the	1970	-	2007	period.	However,	Le	Tacon	et	al.	(2014)	dispute	this	as	
a	 factor	 accounting	 for	 the	 large	 decrease	 in	 productivity,	 suggesting	 instead	 that	 though	




and	 2013,	 the	 same	 model	 applied	 to	 1964	 -	 1987	 did	 not	 predict	 the	 large	 declines	 in	
production	that	took	place	over	this	period.	Le	Tacon	et	al.	(2014)	suggest	that	the	decline	in	
productivity	 over	 this	 period	 was	 more	 likely	 related	 to	 changes	 in	 land	 use	 resulting	 in	 a	
reduction	of	land	area	devoted	to	truffle	cultivation,	lack	of	maintenance	of	existing	truffières,	
and	a	declining	knowledge	of	truffle	culture.	
The	 relative	 scarcity	 of	 truffles	 caused	 by	 this	 reduced	 production	 has	 resulted	 in	 truffles	
becoming	 one	 of	 the	 rarer	 and	more	 expensive	 food	 products	 on	 the	 world	market.	 Retail	










and	 physical	 damage.	 The	 United	 Nations	 Economic	 Commission	 for	 Europe	 (UNECE	 2006)	
established	 a	 grading	 standard	 recognising	 3	 primary	 grades	 for	 the	 export	 of	 fresh	 truffles:	
Extra	class,	1st	Class	and	2nd	Class.	Australia	and	New	Zealand	have	proposed	similar	standards	
based	on	this	European	document.	A	range	of	lesser	grades	also	exists,	though	they	are	used	
primarily	 for	 industrial	 processing.	 Depending	 on	 the	 season,	 50	 -	 70%	 of	 European	 truffle	
production	will	end	up	in	value	added	products	such	as	tinned	truffle	pieces	and	truffle	 juice	
(Morcillo	 et	 al.	 2015).	 At	 this	 stage	 Australia	 does	 not	 possess	 an	 option	 for	 secondary	
processing	of	 low	grade	truffles,	therefore	the	production	of	high	quality	truffles	that	can	be	
sold	fresh	is	critical	to	the	profitability	of	the	industry	at	this	early	stage.		
The	 truffle	 season	 in	 the	 Southern	 Hemisphere	 is	 countercyclical	 to	 that	 of	 the	 Northern	
Hemisphere,	 therefore,	 theoretically	 there	 should	 be	 a	 large	 market	 for	 the	 Southern	
Hemisphere	product.	However,	Australian	producers	face	a	number	of	marketing	challenges	in	
getting	chefs	and	consumers	to	accept	this	traditionally	winter	product	as	part	of	their	summer	
cuisine.	 Furthermore,	 although	 the	 Australian	 grown	 truffle	 does	 not	 compete	with	 fresh	 T.	







is	 estimated	 to	 be	 around	 800	 kg.	 There	 are	 over	 150	 truffle	 growers	 in	 Australia	 covering	
more	 than	 600	 ha.	 However,	 many	 plantations	 fail	 to	 meet	 expectations	 with	 only	 10%	 of	
Australian	 plantations	 producing	 at	 commercially	 viable	 levels	 (>30	 kg	 p.a.).	 The	 reasons	 for	
this	are	unclear,	however	 studies	 in	both	Australia	and	New	Zealand	have	 found	 that	poorly	
inoculated	seedlings	and	the	introduction	of	non-target	truffle	species	in	the	initial	inoculation	
process	 may	 be	 partly	 to	 blame	 (Guerin-Laguette	 et	 al.	 2013;	 Linde	 &	 Selmes	 2012).	 In	 an	
assessment	 of	 inoculated	 seedlings	 available	 in	 Australia,	 Linde	&	 Selmes	 (2012)	 found	 that	
only	 68.2%	 were	 colonised	 with	 the	 target	 species	 and	 8.2%	 were	 colonised	 with	 Tuber	
brumale	 Vittad.;	 another	 European	 truffle	 species	 of	 much	 lesser	 value,	 which	 is	 known	 to	
compete	aggressively	with	T.	melanosporum.	
Within	 Australia	 there	 is	 a	 significant	 divide	 between	 the	 east	 coast	 (New	 South	 Wales,	
Queensland,	 South	 Australia,	 Tasmania,	 and	 Victoria)	 and	 Western	 Australia.	 Growers	 in	
Western	Australia	seem	to	have	avoided	many	of	the	problems	that	have	stifled	the	industry	
on	 the	 east	 coast.	 Despite	 being	 established	 5	 years	 after	 the	 industry	 in	 Tasmania,	 truffle	
growers	 in	Western	Australia	 produce	 around	 75%	of	 the	 national	 truffle	 harvest.	 Based	 on	
current	 trends,	 without	 further	 plantation	 establishment,	 it	 is	 estimated	 that	 production	 in	
Western	Australia	will	exceed	35	T	of	truffle	within	the	next	10	years.	
Plantations	have	 recently	 been	established	elsewhere	 in	 the	 Southern	Hemisphere	 including	
Chile	 from	2003,	 followed	by	 South	Africa	 and	Argentina.	 This	 is	 likely	 to	 provide	 significant	
competition	 to	 the	Australian	 grown	product	within	 the	 next	 10	 years.	Outside	 of	 Australia,	
Reyna	 &	 Garcia-Barreda	 (2014)	 estimate	 that	 there	 are	 some	 370	 ha	 of	 land	 planted	 with	
truffles	in	the	Southern	Hemisphere.	This	total	production	is	currently	less	that	60	kg	p.a.,	but	
is	 expected	 to	 rapidly	 increase	 as	 new	 plantations	 reach	 maturity.	 New	 Zealand	 currently	
accounts	 for	 100	 ha	 of	 the	 plantations	 outside	 of	 Australia.	 However,	 yields	 in	 that	 country	
have	been	disappointing	leading	to	stagnation	in	new	plantings.		
As	productivity	increases	along	with	competition	from	elsewhere	in	the	Southern	Hemisphere,	






Ecology of Tuber melanosporum 
Life cycle 
Our	understanding	of	the	life	cycle	of	the	truffle	has	progressed	rapidly	in	recent	years	through	
the	 application	 of	 molecular	 techniques	 including	 the	 sequencing	 of	 the	 truffle	 genome	
(Martin	et	al.	2010).	Until	recently	it	was	widely	believed	that	Tuber	species	were	homothallic	





al.	 (2005)	 to	 conclude	 that	 extensive	 outcrossing	 must	 be	 involved.	 Paolocci	 et	 al.	 (2006)	
compared	mature	 spores	 from	within	 a	 truffle	 to	 the	 surrounding	 parental	 gleba	 and	 found	
that	 genotypic	 diversity	 was	 much	 greater	 within	 the	 spores	 than	 in	 the	 parental	 tissue,	
suggesting	that	 the	spores	were	produced	through	sexual	 reproduction.	Prior	 to	this,	studies	
had	 only	 examined	 the	 parental	 tissue	 because	 the	 extraction	 procedures	 were	 unlikely	
sufficient	 to	 liberate	 genetic	 material	 from	 the	 spores.	 Riccioni	 et	 al.	 (2008)	 followed	 with	
similar	findings	for	T.	melanosporum.		These	hypotheses	were	confirmed	with	the	publication	
of	 the	 full	 genome	 sequence	 of	 T.	 melanosporum.	 Analysis	 of	 the	 genome	 identified	 both	
idiomorphs	of	the	MAT	gene	required	for	sexual	reproduction	in	the	Ascomycota	(Martin	et	al.	
2010).	 Subsequent	 analysis	 showed	 that	 parental	 tissue	 from	 the	 gleba	 of	 a	 mature	 truffle	
contained	 only	 one	 version	where	 as	 the	 spores	 from	 the	 same	 truffle	 could	 contain	 either	
MAT1-1	or	MAT1-2-1	(Rubini	et	al.	2011b),	consistent	with	heterothallism	in	the	Ascomycota.		
The	 formation	 of	 mycorrhizal	 roots	 with	 a	 suitable	 host	 tree	 forms	 the	 beginning	 of	 the	
symbiotic	 phase.	 Meiotic	 spores	 give	 rise	 to	 a	 haploid	 primary	 mycelium	 which	 form	 the	
ectomycorrhizae	(Paolocci	et	al.	2006;	Rubini	et	al.	2011a).	Germinating	spores	have	a	limited	




point,	 the	 fungus	 relies	 exclusively	 on	 the	 host	 tree	 for	 its	 carbohydrate	 for	 growth	 and	
reproduction	 (Le	 Tacon	 et	 al.	 2013,	 2015b;	 Zeller	 et	 al.	 2008).	 From	 the	 mycorrhizae,	











with	 a	mixed	 spore	 suspension	 (Linde	&	 Selmes	 2012;	 Rubini	 et	 al.	 2011a).	 Linde	&	 Selmes	
(2012)	sampled	artificially	 inoculated	trees	 from	4	plantations	3-8	years	after	 they	were	out-
planted,	 and	 found	 that	 over	 50%	 of	 trees	 possessed	 only	 a	 single	 mating	 type.	 Similarly,	
Rubini	 et	 al.	 (2011a)	 found	 that	 ectomycorrhizae	 from	 productive	 trees	 in	 a	 natural	 stand	





single	mating	 type	 dominates.	 This	 competition	 between	 opposing	mating	 types	 appears	 to	
increase	with	the	age	of	the	tree.	It	also	raises	the	question,	how	does	the	male	partner	finds	
its	 way	 into	 these	 patches	 in	 order	 to	 initiate	 fructification?	 Soil	 samples	 from	 the	 sites	 of	
Murat	et	al.	 (2013)	could	contain	both	mating	types,	despite	only	a	single	mating	type	being	
present	 on	 the	 roots.	When	 a	 single	 type	 was	 present	 it	 was	 always	 that	 of	 the	 dominant	
mycorrhizae.	Given	the	nature	of	the	sampling	design	it	could	be	that	mycorrhizae	of	the	non-
dominant	 mating	 types	 are	 present,	 but	 at	 a	 greatly	 reduced	 frequency,	 or	 that	 there	 is	 a	
mobile	male	gamete	responsible	for	the	interaction	of	opposing	mating	strains.	
The	 early	 stages	 of	 a	 truffle’s	 sexual	 phase	 have	 yet	 to	 be	 observed.	 In	 the	 Pezizales,	 the	
female	 structure	 generally	 takes	 the	 form	 of	 an	 ascogonium,	which	 forms	 from	 the	 haploid	
vegetative	mycelium.	The	male	gametangium	is	known	as	an	antheridium.	Fertilization	occurs	
via	a	trichogyne	produced	by	the	ascogonium,	which	fuses	with	the	antheridium.	Plasmogamy	
can	 occur	 immediately	 or	 it	 may	 remain	 dormant	 for	 some	 time.	 Callot	 (1999)	 presented	
micrographs	of	ascogonia	from	T.	melanosporum, however	the	identity	of	the	male	elements	
and	order	of	events	following	fertilization	are	yet	to	be	elucidated.	The	function	of	spermatia	
could	 take	 the	 form	 of	 ascospores,	 vegetative	 mycelium,	 detached	mycorrhizae,	 or	 asexual	
mitospores.	Urban	et	al.	(2004)	identified	mitospore	production	from	Tuber	borchii	Vittad.	and	
T.	oligospermum	(Tul.	&	C.	Tul.)	Trappe,	in	the	form	of	conspicuous	spore	mats	on	the	surface	
of	 bare	 forest	 soil.	 Healy	et	 al.	 (2013)	 showed	 that	mitospore	production	was	 a	widespread	
characteristic	 within	 the	 Pezizales,	 including	 several	 other	 members	 of	 the	 genus	 Tuber.	








truffle	primordia	 in-situ.	They	 found	 that	primordia	 form	en-masse	during	 flushes	of	growth,	
although	most	ascocarps	succumb	to	attrition	with	only	a	limited	number	making	it	through	to	
maturity.	The	cues	for	fungal	primordial	initiation	often	follow	distinct	changes	in	environment	
such	 as	 temperature,	 moisture,	 or	 CO2	 (Oei	 2003).	 Pacioni	 et	 al.	 (2014)	 found	 that	 during	
periodic	sampling,	primordia	were	generally	associated	with	a	flush	of	CO2	possibly	coinciding	
with	warm	soil	 temperatures	 and	 the	 re-supply	of	moisture	after	periods	of	drought.	 This	 is	
consistent	 with	 the	 longstanding	 observation	 that	 truffles	 form	 in	 response	 to	 sporadic	
summer	thunderstorms.	
The	resulting	ascocarp	is	composed	primarily	of	haploid	maternal	tissue,	divided	into	thickened	
protective	 scales	 of	 the	 peridium,	which	 cover	 the	 internal	 tissue	 of	 the	 gleba.	 The	 gleba	 is	
made	 up	 of	 a	 maze-like	 system	 of	 sterile	 white	 veins,	 and	 fertile	 veins	 containing	 the	
ascogenous	 tissue,	 and	 asci	with	meiotic	 spores.	 The	 fertile	 veins	 are	white	 throughout	 the	
growth	 of	 the	 ascocarp	 but	 gradually	 darken	 as	 the	 spores	 accumulate	 melanin	 during	
maturation	 (Harki	 et	 al.	 2006).	 The	 sterile	 veins	 remain	 white	 after	 maturation	 and	 are	
composed	of	a	porous	network	of	filamentous	hyphae,	which	emerge	at	the	peridium	through	










Claus	et	 al.	 (1981)	 identified	 the	 compound	5a-androst-16-en-3a-ol	 from	ascocarps	 of	Tuber	
melanosporum.	 This	 steroid	 is	 analogous	 to	 the	 pheromone	 produced	 by	 male	 pigs.	 They	
hypothesized	that	it	may	be	involved	in	attracting	sows,	a	natural	predator	of	the	truffle.	Talou	
et	 al.	 (1987)	 however,	 identified	 a	 range	 of	 VOC’s	 using	 gas	 chromatography-mass	




Talou	et	 al.	 (1990)	 showed	 that	DMS	was	 probably	 the	main	 compound	 sensed	by	 pigs	 and	
dogs	 to	 locate	 the	ascocarps	and	that	5a-androst-16-en-3a-olhad	no	 influence.	To	date,	over	
200	VOC’s	have	been	 identified	 from	ascocarps	of	 different	Tuber	 species.	 These	 are	mainly	
sulfur	 containing	 compounds,	 aldehydes,	 and	 alcohols.	 There	 are	 a	 number	 of	 compounds	
which	 appear	 to	 be	 common	 to	 most	 Tuber	 species,	 such	 as	 2-methylbutanal,	 3-
methylbutanal,	 DMS,	 dimethyl	 disulphide	 (DMDS),	 2-methyl-1-propanol	 and	 1-octen-3-ol	
(Splivallo	 et	 al.	 2011).	 But	 different	 species	 differ	 in	 the	 combination	 and	 concentration	 of	
these	aroma	compounds.	There	are	also	a	range	of	compounds	which	are	only	found	in	one,	or	
in	a	limited	number	of	species.		
The	 main	 compounds	 responsible	 for	 the	 aroma	 of	 T.	 melanosporum were	 determined	 by	
Culleré	 et	 al.	 (2010)	 using	 gas	 chromatography–olfactometry.	 They	 identified	 the	 main	
components	of	the	human-sensed	aroma	as:	2,3-butanedione,	DMDS,	ethyl	butyrate,	DMS,	3-	
methyl-1-butanol	 and	 3-ethyl-5-methylphenol.	 Significant	 variation	 can	 exist	 between	
ascocarps	of	the	same	species.	This	can	be	attributed	to	a	range	of	factors	such	as	genotypic	
variability	(Splivallo	et	al.	2012),	the	stage	of	maturation	(Zeppa	et	al.	2004)	and	environmental	




truffle	 aroma	 is	 unclear.	 Analysis	 of	 the	 T.	 melanosporum genome	 found	 that	 the	 fungus	
possesses	most	of	the	required	genes	for	synthesis	of	the	key	truffle	volatiles	and	that	these	
were	particularly	expressed	in	the	ascocarp	(Martin	et	al.	2010).	On	the	other	hand,	Splivallo	et	
al.	 (2014)	 applied	 anti-bacterial	 compounds	 and	 fungicides	 to	 ascocarps	 of	 T.	 borchii	 which	
demonstrated	 that	 thiophene	 derivatives,	 a	 key	 component	 of	 the	 aroma	 of	 T.	 borchii	
(Splivallo	&	Ebeler	2015),	are	exclusively	synthesized	by	bacteria.	 
In	addition	 to	 signalling	animals,	 truffle	VOC’s	may	be	 involved	 in	 communication	with	plant	
roots.	Splivallo	et	al.	(2009)	demonstrated	that	Tuber	borchii	and	T.	melanosporum mycelium	
can	produce	ethylene	and	auxin	when	grown	in	culture.	Dual	culture	experiments	showed	that	
these	 chemicals	 caused	 alterations	 in	 root	 morphology	 in	 both	 Cistus	 incanus	 (host)	 and	
Arabidopsis	thaliana	(non-host).	It	was	suggested	that	these	may	be	involved	in	pre-symbiotic	
signalling	with	plants;	making	the	roots	more	susceptible	to	the	establishment	of	mycorrhizae.	
It	 was	 also	 suggested	 that	 if	 produced	 in	 high	 enough	 concentrations	 these	 VOC’s	 could	
become	toxic	and	could	play	a	role	in	the	formation	of	the	burn (see	below).	In	addition,	two	





and	 causing	 bleaching	 (Splivallo	 et	 al.	 2007).	 The	 significance	 of	 these	 metabolites	 in	 burn 
formation	 remains	 to	 be	 demonstrated	 and	 would	 require	 quantification	 under	 field	
conditions.		
Burn formation 













Along	 with	 the	 conspicuous	 effects	 on	 plant	 diversity,	 burn formation	 is	 associated	 with	
significant	alterations	of	the	soil,	fungal	and	bacterial	communities.	Napoli	et	al.	(2010)	found	
that	 soils	 from	 burns were	 associated	 with	 lower	 fungal	 diversity,	 particularly	 within	 the	
mycorrhizal	 Basidiomycota,	 suggesting	 that	 T.	 melanosporum can	 exclude	 certain	 fungal	
species	 in	 order	 to	 dominate	 below-ground	 resources	 including	 root	 tips	 (Mello	et	 al.	 2011;	
Napoli	et	al.	2010).	Bacterial	communities	inside	and	outside	of	the	truffle	burn were	studied	
by	Mello	et	al.	 (2013)	using	DGGE	and	DNA	microarrays	of	16s	 rRNA.	They	 showed	 that	 the	
burns were	 associated	 with	 a	 significant	 shift	 in	 microbial	 populations,	 with	 increases	 in	
Firmicutes,	 several	 genera	 of	Actinobacteria	 and	 some	 cyanobacteria	 within	 the	 burns,	 and	
reduced	representation	of	Pseudomonas	and	several	genera	within	the	Flavobacteriaceae.		
Along	with	biological	changes,	the	truffle	induces	a	number	of	chemical	and	physical	changes	









suggest	 that	 the	 fungus	 increases	 active	 CaCO3	 through	 progressive	 dissolution	 and	 re-
precipitation	of	soil	CaCO3.	Furthermore,	García-Montero	et	al.	 (2009)	suggest	that	 increased	
activity	of	soil	CaCO3	may	reduce	the	availability	of	a	number	of	soil	nutrients	(P,	Mn,	Fe,	Zn,	
etc.)	 leading	 to	 increased	 reliance	of	 the	host	on	 the	mycorrhizal	partner	 for	nutrition.	Burn	





the	 truffle	became	 independent	of	 the	host	 for	 carbohydrate	 supply	and	essentially	became	
saprophytic.	 This	 theory	 arose	 from	 the	 fact	 that	 truffles	 grow	 relatively	 slowly,	 the	 period	
between	 initiation	 and	maturation	 can	 be	 greater	 than	 6	months;	 this	 compares	 to	 several	
days	 or	 weeks	 for	 most	 sporocarps	 of	 mycorrhizal	 basidiomycetes.	 The	 theory	 gained	









remain	obligate	 symbionts	was	provided	by	 13C	pulse-labeling	by	 Le	Tacon	et	al.	 (2013).	 The	
results	showed	that	ascocarps	continued	to	accumulate	host-derived	carbohydrate	throughout	
the	 growth	 period	 including	 after	 the	 cessation	 of	 assimilation	 by	 the	 host	 indicating	 a	
utilization	of	 stored	C	 reserves.	A	 recent	 study	by	 Le	Tacon	et	al.	 (2015b)	demonstrated	 the	
uptake	of	N	but	not	C	from	dual	13C/15N	labeled	leaf	litter,	supporting	previous	conclusions	that	
saprophytic	C	uptake	does	not	make	a	meaningful	contribution	to	ascocarp	nutrition.		
Host specif icity  
Tuber	melanosporum	can	form	ectomycorrhizae	with	a	range	of	plant	hosts	 including	species	
of	 the:	 Betulacea,	 Fagaceae,	 Tilliaceae,	 Pinaceae,	 Salicaceae,	 Cistaceae,	 and	 Nothofagaceae	





















Tuber	melanosporum	 is	naturally	distributed	 in	continental	Europe	within	40	to	47	°	 latitude,	
ranging	 from	 north-eastern	 parts	 of	 Spain	 and	 southern	 France	 to	 as	 far	 east	 as	 Bulgaria	
(Lefevre	 &	 Hall	 2001).	 It	 occurs	 naturally	 within	 a	 fairly	 narrow	 climatic	 range	 where	
Mediterranean	weather	patterns	are	moderated	by	oceanic	or	continental	 influences	 (Ricard	
2003).	 It	 requires	 warm-hot	 summers	 and	 cool	 winters,	 although	 without	 the	 extremes	
experienced	 in	 more	 continental	 climates.	 Likewise,	 strict	 Mediterranean	 climates	 are	
generally	 regarded	 as	 too	 dry	 during	 the	 summer	months	 (Delmas	 1978).	 However,	 cultural	
techniques	such	as	canopy	management,	site	selection,	mulching	and	irrigation	have	allowed	
the	expansion	of	T.	melanosporum	 production	 into	 less	 favourable	 climes	 (Chevalier	1999	 in	
Lefevre	&	Hall	2001).	Truffle	producing	trees	are	often	associated	with	southern	facing	slopes,	
receiving	 greater	 solar	 radiation	 and	 increasing	 the	 heating	 effect	 (in	 the	 Northern	
Hemisphere).	A	 rapid	 rise	 in	 soil	 temperature	during	 spring	and	early	 summer	 is	believed	 to	
provide	 the	 stimulus	which	 triggers	 truffle	 primordia	 formation,	 particularly	when	 combined	
with	moisture.	Rainfall	requirement	ranges	between	600	-	900	mm	a	year,	ideally	falling	mainly	
in	 early	 spring	 and	 late	 autumn.	 Furthermore,	 infrequent	 thunderstorms	 throughout	 the	
summer	growth	period	are	believed	to	assist	truffle	development	and	productivity.	
Natural	truffle	producing	soils	are	typically	rendzinas	and	brown	earths,	with	the	characteristic	
feature	 being	 an	 abundance	 of	 CaCO3	 (Hall	et	 al.	 2007)	with	 pH	 ranging	 between	 6	 and	 8.3	
(Jaillard	et	al.	2014).	Tuber	melanosporum	prefers	a	well-balanced	soil	 texture	with	sand,	silt	





moisture.	 Ideally	sub-soils	are	also	free	draining	and	are	often	 in	the	form	of	deeply	 fissured	
limestone	bedrock	in	natural	areas	(Callot	&	Jaillard	1996;	Giovannetti	et	al.	1994).	
Cultivation of truffles 
In	the	1800’s	some	natural	truffières were	subject	to	maintenance	in	the	form	of	observation	
and	 attempts	 to	 mimic	 productive	 conditions	 in	 non-productive	 areas.	 The	 increasing	
popularity	and	value	of	 truffles	gave	 rise	 to	an	 influx	of	 interest	 from	scientists	and	scholars	
however,	their	initial	engagements	are	criticised	for	being	too	focused	on	theoretical	concepts	
of	 taxonomy	and	questions	of	 truffle	 reproductive	cycle,	which	are	 still	 to	be	 fully	explained	
today	 (Chazoule	 2004).	 The	 spread	 of	 the	 Talon	 cultivation	 technique	 promoted	 a	 greater	
engagement	 with	 the	 scientific	 community	 and	 an	 incremental	 understanding	 of	 cultural	
requirements.	These	were	circulated	in	the	form	of	a	number	of	manuals	and	books	published	
at	 the	 time	 (eg.	 de	 Bosredon	 1887;	 Chatin	 1869).	 The	 recently	 released	 version	 of	 Pradel’s	
Manuel	 de	 Trufficulture	 (1914)	 by	Dessolas	et	 al.	 (2007)	 includes	 extensive	 amendment	 and	
discussion	 of	 the	 traditional	 truffle	 farming	 techniques	 in	 the	 context	 of	 modern	 truffle	
science,	which	is	testament	to	the	knowledge	accumulated	at	that	time.	Byé	(2000)	claims	that	
one	of	 the	principle	 factors	 in	 the	success	of	 these	early	 techniques	was	the	compatibility	of	
the	truffle	with	the	agrarian	peasant	lifestyle.	This	involved	the	periodic	grazing	of	woodlands	
(which	 suppressed	 weed	 growth),	 gentle	 loosening	 of	 the	 soil	 using	 hand	 tools,	 and	 the	
removal	 of	 firewood	 and	 fuel	 from	 wooded	 areas	 which	 maintained	 an	 open	 woodland	
allowing	the	entrance	of	light	and	air,	preventing	canopy	closure.	
The	mid	20th	 century	 is	described	by	Byé	 (2000)	as	a	period	of	 transition	 from	the	 ‘truffière’	
model	of	truffle	growing	to	the	‘truffle	orchard’.	This	period	was	characterised	by	the	shifting	
focus	 from	careful	management	and	 replication	of	natural	 conditions,	 to	 the	 introduction	of	
modern	orchard	management	and	mechanisation.	Mechanisation	was	necessitated	in	part	by	




prevented	 the	 exchange	 of	 information	 between	 growers	 and	 collectors,	 and	 further	
fragmented	 the	 available	 knowledge.	 By	 the	 late	 20th	 century	 the	 guiding	 principle	 of	many	










declines	 in	productivity	due	 to	 the	contamination	by	pest	mycorrhizal	 species,	particularly	T.	
brumale	 and	T.	 aestivum	 (Chevalier	&	 Sourzat	 2012).	 This	 is	 attributed	 to	 soil	 tillage,	which	
disturbs	the	burn	and	transfers	fungal	inoculum	from	outside	the	burn	to	the	inside,	increasing	
competition	 with	 T.	 melanosporum.	 In	 the	 1990’s	 another	 distinct	 management	 system	
emerged	 termed	 the	 ‘Tanguy’	 method.	 This	 method	 advocates	 a	 more	 natural	 approach,	
without	soil	tillage	or	inputs	of	fertiliser	and	herbicides.	It	utilises	the	mowing	of	grassed	inter-
rows	 and	minimal	 irrigation.	 This	 results	 in	 lower	 growth	 rates,	which	 combined	with	 lower	
planting	densities,	 reduces	 the	 requirement	 for	pruning	 (Sourzat	2009).	This	 system	 involves	
greatly	 reduced	 input	 costs,	 but	 truffle	production	may	not	 start	 for	10	or	more	 years.	 	 The	
results	are	also	less	predictable	than	the	Pallier	method	(Hall	et	al.	2007).	Though	a	number	of	
other	styles	exist	(Ricard	2003),	in	recent	years	hybrids	of	the	Pallier	and	Tanguy	methods	have	
emerged.	 The	Méthode	Rationnelle	 de	 Trufficulture	 (MRT)	 and	 J.A.AD	 (Juvenile,	 Adolescent,	
Adult),	 encourage	an	evolution	of	management	according	 to	 the	 stage	of	 tree	development.	
The	MRT	method	 encourages	 deep	 tillage	 along	 the	 edges	 of	 the	 burn only	 (with	 the	 area	
moving	 as	 the	 burn develops),	 and	 the	 maintenance	 of	 grass	 in	 the	 non-productive	 area	
between	trees.	The	method	encourages	aggressive	pruning	to	slow	growth	and	promote	root	
branching	 (Chevalier	 &	 Pargney	 2014;	 Dessolas	 et	 al.	 2007;	 Pargney	 et	 al.	 2011).	 The	
proponents	 of	 this	 method	 claim	 that	 it	 promotes	 a	 rapid	 onset	 of	 production	 and	 high	
physical	and	aromatic	quality	of	truffles.		
Many	of	the	plantations	established	outside	of	Europe,	including	Australia	have	been	based	on	
the	 Pallier	 method.	 Objectively	 however,	 the	 relative	 benefits	 of	 each	 of	 these	 cultivation	
systems	 are	 difficult	 to	 compare	 because	 strict	 adherence	 is	 rarely	 practiced	 as	 growers	




produce	 only	 sporadically	 or	 in	 low	 volumes.	 Even	 within	 successful	 plantations	 it	 is	
uncommon	 to	 have	 more	 than	 50%	 of	 the	 trees	 producing	 truffles	 (Lefevre	 &	 Hall	 2001).	
Whilst	 the	onset	of	 truffle	production	may	be	achieved	after	3	 -	 4	 years,	 typically	 yields	will	







110	 kg	 ha-1	 (Chevalier	 &	 Frochot	 1997).	 Bencivenga	 &	 Falini	 (2012)	 report	 average	 annual	
production	 of	 30	 -	 40	 kg	 ha-1	 from	 successful	 Italian	 plantations,	 with	 exceptional	 sites	
producing	 up	 to	 200	 kg	 ha-1.	 Reyna	&	Garcia-Barreda	 (2014)	 estimated	 average	 productivity	
within	 Europe	 by	 calculating	 the	 average	 national	 truffle	 yields	 and	 plantation	 areas.	 They	
estimate	 that	 the	 average	 yield	 from	 mature	 plantations	 is	 only	 1.2	 to	 3.2	 kg	 ha-1.	 Within	
Australia,	 productivity	 is	 highly	 variable	 with	 fewer	 than	 10%	 of	 plantations	 producing	 at	




management	 and	 the	 choice	 of	 host	 species.	 Estimates	 range	 up	 to	 35	 -	 50	 years,	 however	
good	yields	have	been	achieved	from	trees	greater	than	100	years	old	in	natural	forests	(Bonet	
et	al.	2009;	Morcillo	et	al.	2015).		
Regardless	of	 cultivation	 style,	 there	 are	 a	number	of	 recommendations	 for	 growing	 truffles	
which	 feature	 commonly	within	most	modern	 cultivation	 systems.	 The	 use	 of	well	 infected,	
spore-inoculated	 seedlings	 to	 establish	 new	 plantations	 is	 the	 cornerstone	 of	 modern	
trufficulture.	 It	 has	 allowed	 the	 expansion	 of	 truffle	 farming	 outside	 of	 Europe	 to	 countries	
including	Australia	etc.	The	precise	techniques	used	by	different	nurseries	are	often	carefully	
guarded	 trade	 secrets,	 but	 the	 general	 techniques	 are	 similar.	 Seedlings	 of	 suitable	 host	
species	are	raised	in	a	sterilised	medium	before	inoculation.	Fungal	material	generally	consists	





Linde	 &	 Selmes	 2012).	 Recently	 the	 Chinese	 truffle	 T.	 indicum	 has	 been	 found	 in	 T.	
melanosporum	 plantations	 in	 both	 the	 USA	 and	 Italy;	 probably	 the	 result	 of	 poor	 quality	
control	practices	at	the	nursery	level	(Bonito	et	al.	2011;	Murat	et	al.	2008).	This	is	one	reason	





During	 inoculation,	 the	 root	 system	 is	 brought	 into	 contact	 with	 the	 fungus	 either	 through	
immersion	in	a	spore	slurry,	dusting	with	a	dry	powder,	or	mixture	of	the	spores	through	the	




1-2	 years	 under	 a	 carefully	 controlled	 moisture	 and	 nutrient	 regime	 to	 promote	 the	
establishment	of	mycorrhizal	infection.		
The	choice	of	host	species	should	reflect	the	environmental	conditions	of	the	site	(Bonet	et	al.	
2009;	 Delmas	 1978).	 In	 Spain,	Q.	 ilex	 is	 the	 primary	 species	 planted,	 particularly	 in	 the	 low	
rainfall	areas	around	Teruel.	Quercus	robur	on	the	other	hand	is	 less	tolerant	of	drought	and	
better	 suited	 to	 more	 temperate	 climates	 (Chevalier	 &	 Frochot	 1997;	 Dreyer	 et	 al.	 1990).	
Corylus	 avellana	was	 a	 popular	 host	 until	 recently	 because	 of	 its	 good	 rates	 of	mycorrhizae	
formation	 and	 early	 onset	 of	 fructification.	 However,	 it	 has	 fallen	 out	 of	 favour	 due	 to	 its	
tendency	 to	 pick	 up	 other	 mycorrhizal	 competitors,	 particularly	 T.	 brumale	 (Chevalier	 &	
Frochot	1997;	 Sourzat	 2002).	However,	 good	 results	 have	been	obtained	with	C.	 avellana	 in	
Australia	 where	 T.	 brumale	 is	 not	 naturally	 present	 and	 T.	 melanosporum tends	 to	 remain	
dominant	on	the	root	system.		
Advice	 on	 irrigating	 truffle	 plantations	 is	 only	 rudimentary	 and	 often	 lacking	 in	 empirical	
support.	Very	few	studies	discuss	irrigation	in	terms	of	evaporation	replacement	(Bonet	et	al.	
2006;	Olivera	et	 al.	 2011,	 2013),	 or	 reference	 to	 soil	 or	 tree	 indices	 of	moisture	 content	 (Di	
Massimo	et	al.	2008;	Fischer	&	Colinas	2013;	Le	Tacon	et	al.	1982).	In	the	establishment	phase,	
irrigation	 is	 recommended	 for	 the	 first	2-3	years	 to	develop	a	strong	root	system.	After	 this,	
irrigation	 is	 recommended	 to	 support	 fructification	 of	 the	 truffle	 as	 the	 tree	 is	 generally	
regarded	 as	 self-reliant	 for	water	 (Chevalier	&	 Sourzat	 2012;	Giovannetti	et	 al.	 1994).	 Some	
guides	suggest	 that	 the	need	for	 irrigation	can	be	eliminated	using	soil	mulching	and	canopy	
management	 to	 reduce	 evapotranspiration	 losses.	 During	 the	 productive	 phase,	
recommendations	vary:	Delmas	(1978)	suggests	a	rate	of	50	mm	per	month	applied	at	10	to	15	
day	 intervals;	 Callot	 et	 al.	 (1999)	 recommend	 30	mm	 every	 15	 to	 20	 days;	 and	 Chevalier	&	
Sourzat	 (2012)	 recommend	a	 rate	of	20	mm	be	applied	at	15	 to	20	day	 intervals	 in	 July	and	
September,	increasing	frequency	to	10	to	12	days	in	August.	Many	of	these	recommendations	
are	established	on	an	ad	hoc	basis	from	grower	experience	and	correlation	of	regional	rainfall	





It	 is	 generally	 recognised	 that	 fructification	 of	 T.	 melanosporum declines	 when	 the	 canopy	
closes	 (Molinier	 et	 al.	 2013;	 Olivier	 et	 al.	 2012).	 Therefore,	 canopy	 management	 is	
recommended	 to	 maintain	 an	 open	 environment	 with	 abundant	 light	 and	 air.	 It	 is	
recommended	 that	 trees	 should	be	 trained	 to	 form	an	 inverted	 cone	 shape	with	 the	aim	of	
reducing	exposure	of	the	soil	to	midday	sunlight	and	maximising	light	exposure	at	other	times	
(Delmas	1978;	Sourzat	2002).	Giovannetti	et	al.	(1994)	suggests	shading	should	not	exceed	75	-	




(2002)	 discusses	 this	 in	 terms	 of	 ‘conquest	 area,’	 suggesting	 that	 the	 fungus	 requires	
uncontested	 soil	 for	 the	burn	 to	expand	 into.	 In	dense	plantations,	 it	 is	 said	 that	production	
declines	when	burns	from	neighbouring	trees	meet.	Empirical	studies	on	the	effects	of	pruning	
on	T.	melanosporum are	rare.	Bradshaw	(2005)	studied	the	effects	of	removing	65%	of	the	leaf	
area	 from	 a	 5	 year	 old	 Corylus	 avellana	 plantation.	 He	 found	 pruning	 reduced	 sap	 sucrose	
concentrations	and	soil	respiration	for	only	1	-	3	weeks.	However,	effects	on	mycorrhizae	and	
ascocarp	 formation	 were	 not	 determined.	 Garcia-Barreda	 &	 Reyna	 (2013)	 found	 that	 the	
removal	of	a	pine	overstorey	as	well	as	understorey	thinning	in	a	previously	productive	natural	
Q.	 ilex	 stand,	had	no	effect	on	T.	melanosporum colonisation	or	ascocarp	production	 for	 the	
following	6	years.		
Little	information	is	available	on	the	use	of	fertilisers	in	truffle	cultivation.	The	Pallier	method	
of	 cultivation	 recommends	 the	 use	 of	 some	 light,	 organic	 fertilisation,	 however	 details	 are	
rarely	given	and	results	that	have	been	reported	are	inconclusive	(Bradshaw	2005;	Le	Tacon	et	
al.	 1982;	 Sourzat	 et	 al.	 1988).	 The	 general	 recommendation	 is	 that	 detailed	 soil	 analysis	 be	
used	to	adjust	soil	fertility	to	levels	consistent	with	those	in	productive	sites	and	to	correct	any	
imbalances.	 In	 particular,	 the	 pH	 should	 be	 brought	 to	 within	 7.7	 -	 8.2	 through	 the	 use	 of	
CaCO3.	 This	 is	 particularly	 important	 in	 Australia	 and	 New	 Zealand	 where	 plantations	 are	
commonly	established	on	naturally	acidic	soils	requiring	up	100	T	CaCO3	ha
-1.	Aside	from	these	
basic	 recommendations,	 most	 texts	 suggest	 that	 fertilisation	 is	 not	 required	 as	 T.	
melanosporum is	adapted	to	soil	of	low	natural	fertility	(Reyna	2012).	The	data	however,	show	









in	 the	 knowledge	 of	 the	 truffle	 life	 cycle,	 notably	 the	 identification	 of	 heterothallism	 in	 the	
production	of	ascocarps.	This	raises	the	question	of	the	identity	of	the	male	gametes	and	their	




In	 many	 cases	 there	 is	 little	 empirical	 data	 to	 back	 up	 the	 central	 principles	 of	 the	 truffle	
cultivation	models	 used	 in	 the	 industry	 today.	 Furthermore,	many	 of	 the	 recommendations	
that	 are	 made,	 are	 based	 on	 observations	 within	 Europe.	 The	 extent	 to	 which	 these	
recommendations	can	be	transferred	to	different	climates	and	soil	types	such	as	those	found	
in	Australia	 is	not	certain.	This	 is	particularly	 true	 for	 irrigation,	where	recommendations	are	
largely	 based	 on	 correlations	 between	 weather	 events	 and	 subsequent	 truffle	 harvests	 in	
Europe.	 Rarely	 do	 they	 consider	measurements	 of	 soil	 and	 tree	moisture	 status,	 soil	 water	
holding	capacity,	and	host	tree	water	requirements.	Similarly	studies	of	soil	fertility	comparing	
nutrient	additions	and	 the	effect	of	host	 tree	nutrient	 status	are	 surprisingly	 rare,	especially	

















cool	 winters	 (Dallman	 1998).	 Comparison	 against	 truffle	 growing	 regions	 of	 Europe	 by	
Bradshaw	 (2005)	 found	 that	 mean	 winter	 temperatures	 in	 South	 West	 WA	 were	 several	
degrees	 higher	 than	 those	 typically	 found	 in	 Europe.	 European	 summer	 and	 annual	 mean	
temperature	were	also	marginally	higher	and	the	resulting	annual	temperature	amplitude	was	
distinctly	 lower	 in	 the	 Manjimup	 region.	 Average	 maximum	 air	 temperature	 in	 the	 hottest	
month	(February)	is	27.1	°C	and	the	average	minimum	temperate	in	July	is	6.2	°C	(Figure	3.1).	
Regional	 rainfall	 patterns	 show	 a	 distinctly	 seasonal	 distribution,	 with	 the	 majority	 of	 rain	
falling	in	the	winter	months.	Average	annual	rainfall	 is	997	mm	although	only	21-37%	of	that	
falls	during	 the	summer	growth	season	 (October-April),	 this	contrasts	with	51-75%	of	annual	
rainfall	in	European	truffières	over	the	same	growing	period	(Bradshaw	2005).	In	more	recent	
times,	 rainfall	 levels	 have	 shown	 a	 steady	 decline	 which	 is	 consistent	 with	 observations	




Physiographically,	 the	 area	 is	 characterised	 by	 a	 truncated	 laterite	 profile	 formed	 above	 a	
Precambrian	acid-basic	gneiss	bedrock,	which	 is	 the	dominant	 feature	of	 the	Darling	Plateau	
(McArthur	 &	 Clifton	 1975).	 The	 highly	weathered	 laterite	mantle	 consists	 of	 deep	 saprolitic	
clay	 above	 the	 bedrock,	 with	 increasing	 levels	 of	 iron	 and	 aluminium	 sesquioxides	 and	 the	
presence	of	spheroid	iron	gravel	pisoliths	in	upper	horizons.	This	becomes	indurated	in	places	











The	major	 soil	 associations	 of	 the	 area	 are	 derived	 from	weathering	 and	 varying	 degrees	 of	
dissection	 and	 subsequent	 colluvial	 redistribution	 of	 the	 laterite	 profile.	 The	 study	 site	 is	
positioned	 on	 a	 broad	 convex	 ridge	 falling	 within	 the	 Crowea	 association	 as	 described	 by	
Churchward	(1992).	The	soils	present	are	described	as	Chromosols	and	Kandosols	after	 Isbell	
(1996).	 Surface	 soils	 range	 from	 sandy	 loam	 to	 sandy	 clay	 loam	with	 an	 initial	 pHH2O	 of	 5.6.	
Ironstone	 and	 lithic	 gravels	 can	 be	 found	 throughout,	 although	 proportions	 vary	 markedly	
from	 ca.	 5	 to	 50%.	 Chromosols	 tend	 to	 have	 an	 abrupt	 B	 horizon	 between	 0.5	 -	 1	m	 depth	
consisting	 of	 white/yellow	 clays.	 Kandosols	 are	 characteristically	 deep	 with	 gradually	
increasing	 clay	 content.	 These	 soils	 are	 classified	 as	 high	 value	 horticultural	 land	 and	 are	









of	 trees	 are	Corylus	avellana,	accounting	 for	 ca.	 95%	of	 the	 total.	 The	 remaining	 5%	 consist	
predominantly	 of	Quercus	 robur,	 planted	 randomly	 within	 the	 property	 and	 some	 isolated	
patches	 containing	 Q.	 ilex,	 Q.	 suber	 and	 Q.	 cerris	 L.	 in	 negligible	 quantities.	 Trees	 were	











Management	 of	 the	 plantation	was	 largely	 based	 on	 European	 trufficulture	 techniques	with	
gradual	 modification	 over	 time	 in	 response	 to	 site	 specific	 factors	 and	 an	 experimental	
program	 (Bradshaw	 2005;	 Reeley	 2002).	 The	 method	 adopted	 loosely	 followed	 the	 ‘Pallier’	
technique	 as	 classified	 by	 Chevalier	 &	 Sourzat	 (2012),	 involving	 summer	 irrigation,	 canopy	
management,	chemical	weed	control,	fertilisation,	but	without	soil	tillage.		
From	 establishment,	 C.	 avellana	 were	 trained	 to	 form	 a	 single	 trunk	 up	 to	 0.5	m	 high	 and	
suckering	 was	 suppressed	 through	 herbicide	 application.	 The	 canopy	 was	 trained	 into	 an	
inverted	 cone	 shape.	 The	 high	 density	 of	 the	 plantation	 resulted	 in	 trees	 reaching	 canopy	






Ferti l isation 
Inorganic	 fertilisers	 were	 applied	 in	 a	 uniform	 manner	 through	 regular	 fertigation	 and	
broadcast	applications	for	the	first	4	years	following	establishment.	After	this	time	occasional	
inorganic	fertilisation	was	used	in	order	to	correct	imbalances	identified	through	soil	chemical	




Irr igation  






from	 December	 through	 to	 until	 regular	 rainfall	 commenced	 in	 March	 or	 April.	 Starting	















Table	3.1:	 	Crop	 coefficients	 (KC)	 used	 to	 estimate	 tree	 water	 use	 between	 2009	 and	 2012	
compared	 with	 published	 values	 give	 in	 Mingeau	 &	 Rousseau	 (1994).	 Southern	
















0.8	 1	 1	 1.1	 1.3	 n/a	
2009/2010	 0.4	 0.8	 0.8	 0.8	 0.4	 0.4	
2010/2011	 0.4	 0.54	 0.54	 0.54	 0.54	 0.4	







Only	a	single	 truffle	was	 found	 in	 that	 season,	but	 the	subsequent	years	 saw	an	exponential	
increase	 in	yield	 reaching	over	240	kg	ha-1	 in	2013	 (Figure	1.1).	During	 the	 first	 few	years	of	
truffle	 production,	 productivity	 expanded	 sporadically,	 appearing	 to	 start	 in	 isolated	 areas	
gradually	spreading	outwards	and	new	productive	areas	appeared	spontaneously,	following	a	





Truffle data collection 




would	 then	be	 collected	 later	 that	day	by	a	group	of	 trained	harvesters.	When	collecting	an	
ascocarp,	harvesters	would	 record	 its	 location	according	 to	 the	nearest	 tree	 (trees	were	 laid	
out	in	a	grid	and	location	markers	were	placed	on	every	5th	tree	in	each	row)	as	well	as	other	
data	 of	 interest,	 such	 as	 ascocarp	 depth	 and	 ascocarp	 condition.	 Prior	 to	 2011,	 data	 were	
collected	by	writing	all	location	and	depth	data	onto	a	brown	paper	bag,	in	which	the	ascocarp	
was	placed.	When	the	harvested	ascocarps	were	brought	into	the	sorting	and	packaging	shed,	
the	 data	 on	 the	 bag	 were	 entered	 into	 a	 spread-sheet	 along	 with	 the	 unwashed	 ascocarp	
weight,	 and	 an	 assessment	 of	 its	 condition.	 This	 method	 became	 overly	 cumbersome	 as	
ascocarp	yields	 increased,	 therefore	a	mobile	database	system	was	established	 in	2011.	This	
enabled	harvesters	to	directly	enter	ascocarp	data	into	the	database	in	the	field	(Appendix	I).	
Each	 harvester	 was	 equipped	 with	 an	 iPod	 touch	 (Apple	 Inc.)	 running	 the	 iForm	 software	
package	(Zerion	Software	 Inc.).	At	harvest,	 the	 location	of	each	ascocarp	was	recorded	along	
with	 the	 condition	 (rotten,	 some	 rot,	 healthy),	 depth	 (erumpent,	 0	 -	 5	 cm	 below	 the	 soil	
surface,	 5	 -	 10	 cm,	 and	 below	 10	 cm)	 and	 size	 (small,	medium,	 large,	 extra-large).	 Size	was	
determined	 using	 a	 gauge	 specifying	 the	 two	 dimensional	 size	 range	 of	 each	 size	 category.	
These	categories	approximately	correspond	to	weights	of	0	-	25,	25	-	50,	50	-	100	and	>100	g,	
respectively.	 Validation	 of	 the	 actual	 range	 of	 masses	 assigned	 to	 each	 category	 was	
performed	using	a	 random	sub-sample	of	ascocarps	 in	2011	and	2012	 (Figure	3.4).	Ascocarp	
condition	was	assessed	prior	 to	washing	based	on	physical	 softness,	appearance	and	aroma.	
This	 method	 only	 detected	 truffles	 in	 the	 advanced	 stages	 of	 decay	 and	 therefore	








Fungal species identification 
A	 fungal	material	 (individual	 ectomycorrhizal	 root	 tips	or	 pure-culture	 fungal	mycelium)	was	
placed	 into	 a	 1.5	mL	 sterile	 Eppendorf®	 tube.	 Tubes	were	 frozen	 in	 liquid	 nitrogen	 and	 the	
material	was	ground	to	a	fine	powder	before	extraction	of	genomic	DNA	following	the	method	
of	 Andjic	 et	 al.	 (2007).	 The	 primers	 ITS1F	 and	 ITS4	 were	 used	 to	 amplify	 the	 internal	
transcribed	 spacer	 region	 (ITS1-5.8S-ITS2)	 of	 the	 ribosomal	 DNA	 using	 polymerase	 chain-
reaction	 (PCR;	 White	 et	 al.	 1990).	 	 Purification	 of	 the	 PCR	 products	 and	 sequencing	 was	
conducted	as	described	by	Sakalidis	et	al.	(2011).	Identification	of	isolates	was	determined	by	
comparison	 of	 sequences	with	 those	 of	 known	origin	 using	 the	 basic	 local	 alignment	 search	
tool	(BLAST)	with	the	GenBank	database.	
Soil physical properties 
Bulk density 
Bulk	 density	 was	 measured	 using	 the	 intact	 core	 method	 (Method	 503.01;	 Cresswell	 &	
Hamilton	 2002).	 Briefly,	 undisturbed	 cores	 were	 taken	 using	 a	 steel	 cylinder	 60	 mm	 in	
diameter	 x	 50	mm	depth	within	48	hours	of	 an	 irrigation	event	 to	 ensure	 soils	were	wet	 to	
field	capacity.	The	ends	of	the	cores	were	then	capped	and	cores	were	sealed	in	a	plastic	bag	










Soil water retention 
Soil	 water	 retention	 at	 field	 capacity	 (θFC;-10	 kPa)	 and	 wilting	 point	 (θWP; -1500	 kPa)	 were	
determined	 by	 gravimetric	 analysis	 after	 equilibration	 on	 a	 ceramic	 pressure	 plate	 (Method	
504.02;	Cresswell	 2002).	 Soils	were	gently	wet	by	 capillary	 rise	 in	a	water	bath	 for	24	hours	
before	 being	 transferred	 onto	 the	 ceramic	 plate	 inside	 the	 pressure	 chamber.	 Air	 was	
introduced	to	the	chamber	until	the	desired	pressure	was	reached	(10	kPa	or	1500	kPa).	Once	











life	 cycle	 and	 biology,	 particularly	 factors	 that	 stimulate	 the	 onset	 of	 truffle	




• The	 study	 site	was	divided	 into	13	 areas	with	 similar	 densities	 of	 producing	 trees.	A	
total	of	114	trees	were	sampled	and	analysed	for	plant	and	associated	soil	nutritional	
traits,	mycorrhizal	colonisation	and	canopy	physical	properties.	







• This	 is	 the	 first	 study	 to	 demonstrate	 the	 importance	 of	macro-nutrient	 nutrition	 to	
the	early	 fructification	of	T.	melanosporum.	Future	studies	should	 further	 investigate	




cycle	 and	 biology,	 particularly	 of	 factors	 that	 stimulate	 the	 onset	 of	 truffle	 fructification.	
Despite	 recent	 advances	 in	 knowledge,	 globally	 many	 commercial	 plantings	 fail	 to	 produce	
truffles,	 or	 produce	 quantities	 below	 expectations	 (Bonet	 et	 al.	 2009;	 Hall	 &	 Haslam	 2013;	
Lefevre	&	Hall	2001;	Linde	&	Selmes	2012).	
In	Australia,	 it	 is	 estimated	 that	only	 10%	of	over	 150	established	plantations	 are	producing	
commercial	 quantities	of	 truffles.	 This	 issue	was	 investigated	by	 Linde	&	Selmes	 (2012)	who	
hypothesised	 that	 a	 lack	of	 genetic	 diversity	 in	 imported	 inoculum	was	 responsible	 for	 poor	
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fructification.	 However,	 their	 investigation	 found	 that	most	 plantations	 contained	 adequate	
levels	 of	 diversity	 as	well	 as	 the	presence	of	 both	 truffle	mating	 types.	 They	 concluded	 that	
other	factors	must	have	been	inhibiting	truffle	fructification	at	these	sites.	
Soil	 properties	 favourable	 for	 truffle	 production	have	been	 studied	by	 a	number	of	 sources.	
General	recommendations	agree	that	truffles	require	a	basic	soil	pH,	low	to	moderate	levels	of	
organic	 C	with	 a	 C/N	 ratio	 around	 10,	 and	 a	well-developed	 soil	 structure	with	 high	macro-
porosity	(Bragato	1997;	Castrignanò	et	al.	2000;	Giovannetti	et	al.	1994;	Lulli	et	al.	1999;	Panini	
et	al.	1993;	Poitou	1988).	However,	 thorough	statistical	 treatment	 is	often	 lacking	as	well	as	
comparisons	to	actual	production	data.	Recent	work	has	begun	to	address	these	gaps	(Alonso	
Ponce	et	al.	 2014;	Castrignanò	et	al.	 2000;	García-Montero	et	al.	 2006,	 2007c;	 Jaillard	et	al.	
2014;	Lulli	et	al.	1999).	García-Montero	et	al.	 (2006)	 found	strong	relationships	between	the	
quantities	of	active	CaCO3	in	soil	and	truffle	productivity.	Active	carbonate	is	described	as	the	
fine	 fraction	 of	 soil	 CaCO3	 (<50	 µm),	 therefore	 readily	 mobilised	 and	 highly	 active	 in	 soil	
chemical	 processes.	 They	 suggested	 that	 T.	 melanosporum	 increased	 active	 CaCO3	 in	 the	
rhizosphere	through	the	dissolution	of	CaCO3	to	HCO3
-	followed	by	re-precipitation	during	soil	
drying.	 Garcia-Montero	 et	 al.	 (2009)	 hypothesised	 that	 the	 presence	 of	 active	 carbonate	
promoted	 T.	 melanosporum	 proliferation	 and	 fructification	 in	 a	 feedback	 mechanism	 by	
reducing	the	availability	of	essential	nutrients,	such	as	P,	Fe,	Mn	and	Zn.	This	is	postulated	to	
lead	 to	 nutrient	 restriction	 in	 the	 host,	 and	 increased	 reliance	 on	 the	 fungal	 symbiosis.	
However,	host	tree	nutrition	has	not	been	considered	in	these	studies.	
It	 is	 generally	 regarded	 that	 high	 levels	 of	 soil	 fertility	 are	detrimental	 to	 truffle	 production.	
There	 is	 a	 large	 body	 of	 literature	 showing	 negative	 impacts	 of	 N	 and	 P	 fertilisation	 on	
mycorrhizal	 colonisation,	 EMM	 production	 and	 sporocarp	 formation	 (Treseder	 2004).	
However,	the	fungus	is	entirely	reliant	on	host	photosynthate	for	growth	and	reproduction	(Le	
Tacon	et	al.	2013,	2015b;	Zeller	et	al.	2008),	therefore	host	productivity	is	expected	to	have	a	
direct	 impact	 on	 below	 ground	 C	 allocation.	 Studies	 have	 shown	 that	 increasing	 host	 C	
assimilation	 through	 increasing	 light	 intensity	 and	 increasing	 atmospheric	 CO2	 have	 led	 to	
increased	 root	 as	 well	 as	mycorrhizal	 growth	 rates	 (Fransson	 et	 al.	 2004;	 Pena	 et	 al.	 2013;	
Tingey	et	al.	2000;	Treseder	2004).	
The	 use	 of	 fertilisers	 in	 truffle	 cultivation	 is	 rarely	 recommended	 except	 to	 correct	 specific	
imbalances	(Ricard	2003).	Studies	of	the	effects	of	fertilisers	on	truffle	plantations	are	scarce	
and	the	results	are	mixed	(Le	Tacon	et	al.	1982;	Sourzat	et	al.	1988).	Bonet	et	al.	 (2006)	and	








No	 significant	 growth	 effects	 were	 observed.	 However,	 the	 high	 K	 fertiliser	 as	 a	 foliar	
application	 was	 found	 to	 increase	 colonisation	 by	 T.	 melanosporum.	 Le	 Tacon	 et	 al.	 (1982)	
found	no	effect	on	truffle	production	after	applying	150	kg	N	ha-1	over	two	years	to	a	mature	
Quercus	 lanuginosa	 plantation,	 however	 intra-treatment	 variability	 may	 have	 masked	 any	
treatment	effect.	All	these	studies	fail	to	give	any	consideration	to	the	tree	nutrient	status	and	
therefore	 host	 nutrient	 requirement	 when	 selecting	 fertiliser	 rates.	 In	 Australia,	 Bradshaw	
(2005)	 applied	 N	 and	 P	 in	 a	 factorial	 design	 at	 the	 current	 study	 site	 in	 the	 pre-production	
phase.	Application	of	100	kg	N	ha-1	as	NH4NO3	for	two	years	had	no	effect	on	root	colonisation	
by	 T.	 melanosporum,	 although	 foliar	 N	 levels	 remained	 below	 optimal	 by	 the	 end	 of	 the	
experiment.	Soluble	P	applied	at	68	kg	P	ha-1	resulted	in	increased	mycorrhizal	infection	by	T.	
melanosporum.	Brown	(1998)	found	T.	melanosporum	 infection	was	unaffected	by	P	rates	as	
high	as	150	mg	kg-1	 in	 a	 glasshouse	pot	 trial.	 Both	authors	 concluded	 that	T.	melanosporum	
had	 a	 relatively	 high	 tolerance	 to	 available	 P	 compared	 to	 the	 majority	 of	 Australian	
ectomycorrhizal	 fungi.	 The	 stony	 calcareous	 soils	 typical	 of	 truffle	 grounds	 in	 Europe	 are	
typically	low	in	available	P.	Total	P	contents	typically	range	between	0.1	to	0.3%	(Bonet	et	al.	
2009)	 and	 available	 P	 (Olsen)	 5	 to	 10	 mg	 kg-1	 (Giovannetti	 et	 al.	 1994).	 However	 it	 is	 not	




















each	 area.	 However,	 due	 to	 the	 changes	 in	 productivity	 over	 time,	 a	 number	 of	 the	 non-
producing	 trees	 became	 productive	 during	 the	 2008	 season	 and	 were	 re-classified	 for	 the	
analysis.	
	

























N/W	 cardinal	 positions.	 Soil	 was	 stored	 at	 4	 °C	 for	 up	 to	 three	 days	 before	 a	 sub-sample,	
picked	over	 to	 remove	 roots,	was	 taken	and	sent	 to	CSBP	Soil	and	Plant	Analysis	 Laboratory	
(Altona	St,	Bibra	Lake)	for	analysis	of	soil	microbial	biomass	using	substrate	induced	respiration	
with	 selective	 inhibition	 (Hafeel	 et	 al.	 2004).	 The	 remaining	 sample	 was	 stored	 for	 up	 to	 3	
weeks	before	being	dry-sieved	to	4	mm	to	recover	root	material.	Roots	were	carefully	picked	
out	and	shaken	 to	 remove	adhering	soil	before	being	washed	and	stored	 in	50%	ethanol	 for	
later	 assessment	of	mycorrhizal	 root	 colonisation	 (Brundrett	et	al.	 1996).	 The	 remaining	 soil	
was	 sent	 to	 the	 CSBP	 Soil	 and	 Plant	 Analysis	 Laboratory	 for	 analysis	 of	 chemical	 properties.	
Table	4.6	indicates	the	methods	used.	
Table	4.1:	 Summary	statistics	of	the	14	selected	sampling	areas.		
 Number of trees sampled   
Area Non-producing    Producing Total trees in the area Per cent trees productive 
1 5 5 1005 10 
2 7 11 560 51 
3 4 2 405 6 
4 7 3 1726 4 
5 3 3 461 28 
6 4 4 349 50 
7 3 3 787 18 
8 4 4 754 31 
9 4 0 447 2 
10 11 1 358 12 
11 5 1 2067 4 
12 4 0 814 3 
13 4 9 451 37 
14 3 0 1106 1 
Mycorrhizal assessment 
Whole	 root	 samples	 were	 assessed	 under	 a	 dissecting	 microscope	 (Zeiss,	 SV11)	 for	
ectomycorrhizal	 colonisation.	 Root	 tips	 were	 classified	 into	 unique	 morphotypes,	 by	
comparison	 to	 voucher	 specimens	 which	 were	 later	 identified	 using	 molecular	 methods	
(Chapter	3).	The	relative	abundance	of	each	morphotype	was	expressed	as	a	percentage	of	the	
total	number	of	root	tips.	In	samples	with	less	than	ca.	200	root	tips,	all	roots	were	assessed,	








expanded	 leaf	were	 selected,	 in	 agreement	with	 the	mature	 leaves	 recommended	 by	Olsen	
(1998).	 A	 total	 of	 16	 leaves	 were	 collected	 from	 each	 tree	 and	 combined	 to	 form	 a	 single	
sample.	Each	sample	was	dried	at	70	°C	until	it	reached	a	constant	weight,	before	being	sent	to	
CSBP	Soil	and	Plant	Analysis	Laboratory	for	analysis	of	total	nutrient	content.	Nutrient	analysis	
was	 performed	 using	 nitric	 acid	 digestion	 followed	 by	 inductively	 coupled	 plasma	 atomic	
emission	 spectroscopy	 (ICP	 AES;	McQuaker	et	 al.	 1979),	with	 the	 exception	 of	N	which	was	
determined	by	the	Dumas	dry	combustions	technique	(Rayment	&	Higginson	1992).	
Digital multispectral imagery 
SpecTerra	 Services	 Pty.	 Ltd.	 captured	 digital	 multispectral	 Imagery	 (DMSI)	 on	 The	 13th	 of	
February	2008.	A	four-channel	camera	fitted	with	narrow	band-pass	filters	(20	nm)	was	used	
to	 capture	 the	 imagery.	 Filters	were	 centered	at	wavelengths	of	 450,	 550,	 675	and	780	nm,	






using	 ArcGIS©	 9.2	 (Environmental	 Systems	 Research	 Institute,	 Inc. 2006)	 in	 which	 a	 pixel	
known	 not	 to	 represent	 the	 tree	 canopy	 was	 selected.	 The	 corresponding	 values	 for	 each	
wavelength	were	then	used	as	upper	or	 lower	thresholds	to	remove	other	non-canopy	pixels	
from	the	image.	This	process	was	repeated	until	all	non-canopy	pixels	were	removed	from	the	




trees	 appeared	 to	 form	 a	 straight	 hedge	 and	 no	 natural	 partition	 could	 be	 distinguished.	 In	
these	cases	a	mid-line	between	the	adjacent	trees	was	use	to	delineate	the	canopies.	This	was	
aided	by	the	fact	that	initial	layout	of	the	property	was	conducted	with	the	assistance	of	laser	







Tree	 size	was	measured	at	 the	 time	of	 leaf	analysis	by	both	 trunk	diameter	at	20	 cm	height	
using	callipers,	and	canopy	height,	using	a	5	m	measuring	pole	with	10	cm	increments.		
Statistical analysis 
Discriminant	 function	 analysis	 was	 used	 to	 determine	 if	 one	 or	 more	 of	 the	 variables	
measured,	 could	 be	 used	 to	 discriminate	 productive	 from	 non-productive	 trees.	 Linear	
discriminant	analysis	was	first	described	by	Fischer	(1936).	It	determines	how	to	best	separate	
groups	 of	 individuals	 on	 the	 basis	 of	 quantitative	measurements	 on	multiple	 variables.	 The	
analysis	 involves	 creating	 linear	 combinations	 of	 variables,	 discriminant	 functions,	 which	
maximise	 the	 difference	 between	 a	 priori	 defined	 groups,	 while	 minimising	 within	 group	
variation	 (Campbell	&	Atchley	1981).	 The	number	of	discriminant	 functions	produced	during	
the	analysis	is	limited	to	the	smaller	of:	the	number	of	variables,	or	one	less	than	the	number	





of	 producing	 and	 non-producing	 groups	 separately	 for	 each	 sampling	 area	 in	 a	 one-
dimensional	linear	plot.	Plots	were	then	examined	subjectively	to	determine	if	producing	and	
non-producing	groups	could	be	discriminated.		
Multivariate	 normality	 was	 assumed	 after	 checking	 univariate	 normality	 through	 visual	
inspection	of	histograms;	data	transformations	were	performed	where	required.	Homogeneity	
of	 the	 variance/covariance	matrix	 was	 tested	 using	 Box’s	M	 test,	 using	 a	 critical	 P-value	 of	
<0.001	 as	 suggested	 by	 Tabachnick	 &	 Fidell	 (1996).	 Objects	 containing	 missing	 data	 were	
removed	 from	the	analysis.	The	presence	of	 collinearity	was	assessed	by	examination	of	 the	












Ectomycorrhizal	 colonisation	 was	 dominated	 by	 T.	 melanosporum,	 which	 covered	 100%	 of	
roots	tips	in	67%	of	the	samples	studied.	The	main	competitors	were	identified	as	Scleroderma	
sp.	and	Heboloma	cavipes	Huijsman	(Figure	4.2).	Their	occurrence	was	relatively	rare	but	when	
present	 could	 colonise	 up	 to	 49%	 of	 the	 root	 system	 (Table	 4.2).	 A	 number	 of	 other	




of	non-producing	 trees	 (Table	4.3).	 The	presence	of	 competitor	 fungi	 in	 the	 sample	was	not	




percentiles	 of	 the	 total	 number	 of	 root	 tips	 per	 sample,	 frequency	 shows	 the	
number	 of	 samples	 with	 each	 morphotype	 present.	 Data	 presented	 are	 from	
samples	with	>0.2	root	tips	cm-3	(>100	root	tips;	n	=	93).		
	
	 	 	 	 Best	BLASTN	match	
	 Frequency	 	x	̄±	SD	 Range	 	 Accession	No.	 Identities	
(%)	
Tuber	melanosporum	 86	 72.77	±	41.49	 0	–	100	 	 GU810153.1	 100	
Hebeloma	cavipes	 13	 1.74	±	6.82	 0	–	49	 	 EU693013.1	 99	
Scleroderma	sp.	 9	 0.67	±	3.46	 0	–	30	 	 EU784416.1	 99	
Other:	 7	 2.98	±	14.78	 0	–	100	 	 	 	






















23	 34	 	 42	 15	
	
35	 22	
Producing	 6	 30	 	 30	 6	
	
32	 4	
χ2	 5.768	 	 1.175	
	
8.276	
d.f.	 1	 	 1	
	
1	















Discriminant function analysis 
Univariate	analysis	of	foliar	nutrient	levels	between	producing	and	non-producing	trees	did	not	





of	 group	 centroids	 which	 were	 split	 between	 sampling	 areas	 (Figure	 4.3).	 While	 there	 was	
some	 overlap	 between	 producing	 and	 non-producing	 groups,	 a	 fairly	 consistent	 separation	
within	 sampling	 areas	was	 observed.	Non-producing	 trees	 regularly	 gave	 higher	 scores	 than	
producing	 trees	 within	 the	 same	 area.	 This	 supports	 the	 conclusion	 that	 the	 difference	
between	producing	 and	non-producing	 trees	may	 represent	 a	 true	difference.	 Exceptions	 to	
the	pattern	were	found	in	areas	10	and	6.	However,	in	area	10	the	producing	group	consisted	
of	only	1	tree	and	therefore	cannot	be	considered	reliable.	The	inconsistency	within	area	6	is	
more	difficult	 to	explain	as	 this	group	was	positioned	 in	close	proximity	 to	a	number	of	high	
and	moderate	producing	blocks	and	had	a	reasonable	sample	size	in	each	group	(n	=	4).	
The	 resulting	 discriminant	 function	 was	 further	 examined	 to	 determine	 the	 nature	 of	 the	
group	 separation.	 Correlation	 between	 individual	 variable	 scores	 with	 discriminant	 function	
scores	 for	 each	 tree	 revealed	no	 strong	 associations	 (Table	 4.6).	 	 Foliar	 B	 levels	 showed	 the	
strongest	 relationship	 at	 r	 =	 0.34.	 Therefore,	 the	 standardised	 coefficients	 (SC)	 were	 used	
exclusively	 to	 interpret	 the	 multivariate	 relationship.	 These	 indicated	 that	 discriminant	
function	scores	were	most	strongly	influenced	by	S	followed	by	P	and	N	levels.	
To	aid	the	interpretation	of	the	relationship	between	these	three	elements,	simple	ratios	were	






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Transformation	   SC	 r	
loge(Y)	 B	 0.316	 0.340	
	 Ca	 0.060	 0.203	
	 Cl	 0.348	 0.284	
	 Cu	 -0.044	 0.075	
√Y	 K	 0.097	 0.121	
	 Mg	 -0.572	 -0.291	
√Y	 Mn	 -0.066	 0.057	
	 N	 -0.645	 -0.059	
√Y	 Na	 -0.091	 -0.070	
	 NO3-	 0.377	 0.284	
√Y	 P	 -0.838	 -0.257	
	 S	 1.085	 0.202	
	 Zn	 0.230	 0.109	
   	
   	
 Canonical correlation 0.476	
	
Figure	4.3:	 Centroids	of	foliar	nutrient	data	from	producing	and	non-producing	trees	from	each	
sampling	 area,	 plotted	 against	 their	 discriminant	 function	 score.	 Data	 points	 are	
accompanied	 by	 an	 alphanumeric	 label	 indicating	 the	 plot	 number	 (1	 to	 14)	
followed	by	a	letter;	N	for	non-productive	trees	and	P	for	productive	trees.	
Soil	 analysis	 data	 revealed	 significant	 outliers	 on	 up	 to	 three	 objects	 in	 the	 variables;	 NO3-,		
NH4+,	S,	conductivity,	and	DTPA	Zn.	These	were	adjusted	to	a	level	equal	to	one	unit	above	that	
of	 the	 next	 greatest	 object	 following	 the	 advice	 of	 Tabachnick	 and	 Fidell	 (1996).	 Colinearity	
was	 observed	 between	 exchangeable	 Ca	 and	 organic	 C	 (r	 =	 0.906)	 as	 well	 between	





of	 soil	 variables,	 notably	 NO3-,	 but	 also	 Cu,	 Zn	 and	 total	 P,	 with	 higher	 nutrient	 levels	
associated	 with	 non-productive	 trees	 in	 all	 cases	 (Table	 4.6).	 Linear	 discriminant	 analysis	
showed	a	 significant	 separation	between	producing	and	non-producing	 trees	 (λ	=	0.762,	 χ2	=	
27.65,	d.f.	=	17,	P	=	0.049).	The	combined	effect	of	soil	variables	accounted	for	23.8%	of	the	
variation	between	groups.	Examination	of	group	separation	within	sampling	areas	(Figure	4.4)	




(Table	4.7).	When	considered	alone,	NO3-	 accounted	 for	27.1%	of	 the	variation	explained	by	
the	 discriminant	 function.	 Standardised	 coefficients	 (SC)	 indicated	 that	 K	 was	 the	 second	
greatest	 contributor	 followed	 by	 total	 P,	 available	 P	 and	 NH4+.	 The	 importance	 of	 NO3-	 and	
total	P	to	group	separation	are	consistent	with	the	univariate	results.	However,	the	Cu	and	Zn,	
which	 displayed	 significant	 univariate	 ANOVA	 results,	 contributed	 very	 little	 to	 the	
discriminant	function.	
Table	4.6:	 Soil	 chemical	 data	 from	 producing	 and	 non-producing	 trees.	 Data	 are	means	 and	
standard	 deviations	 with	 univariate	 tests	 of	 significance.	 Figures	 in	 bold	 indicate	
significant	differences	between	groups	(P	<0.05).	
	 	 Non-producing	 	 Producing	 	
	 	 n	=	66	 	 n	=		46	 	
		 	 x	̄ SD	 	 x	̄ SD	 P	
NO3
-	(KCl)*	 mg	kg-1	 9.15	 2.22	 	 7.80	 2.38	 0.003	
NH4
+	(KCl)*	 mg	kg-1	 6.23	 2.24	 	 6.22	 2.35	 0.953	
Available	P	(Colwell)*	 mg	kg-1	 104.89	 48.51	 	 98.76	 65.96	 0.284	
Available	K	(Colwell)*	 mg	kg-1	 111.79	 35.62	 	 116.15	 37.72	 0.550	
S	(KCl-40)*	 mg	kg-1	 12.02	 2.50	 	 11.70	 2.85	 0.528	
Organic	 C	 (Walkley	 &	
Black)*	 %	 4.71	 1.47	 	 4.70	 1.59	 0.834	
Conductivity	(1:5	H2O)*	 dS	m
-1	 .136	 .028	 	 .129	 .021	 0.252	
pH	(1:5	H2O)*	 pH	 8.28	 .06	 	 8.29	 .057	 0.262	
Mn	(DTPA)*	 mg	kg-1	 1.35	 .46	 	 1.27	 .41	 0.352	
Cu	(DTPA)*	 mg	kg-1	 1.31	 .78	 	 1.04	 .47	 0.021	
Zn	(DTPA)*	 mg	kg-1	 2.19	 2.44	 	 1.33	 .74	 0.040	
Fe	(DTPA)*	 mg	kg-1	 23.03	 8.21	 	 22.56	 6.53	 0.955	
Exchangeable	Mg	
(BaCl2/NH4Cl)*	
meq	100g-1	 2.76	 1.25	 	 2.72	 1.23	 0.862	
Exchangeable	Na	
(BaCl2/NH4Cl)*	
meq	100g-1	 0.39	 0.11	 	 0.40	 0.13	 0.845	
Total	N	(Dumas)*	 %	 0.30	 0.07	 	 0.30	 0.09	 0.904	
Total	P	(Kjeldajl)*	 mg	kg-1	 1490	 1178	 	 1052	 770	 0.043	








Transformation	 		 SC	 r	
	 NO3-	 1.063	 0.521	
√Y	 NH4+	 -0.637	 0.010	
loge(Y)	 Available	P	 -0.614	 0.183	
√Y	 Available	K	 -0.869	 -0.102	
	 S	 0.043	 0.108	
loge(Y)	 Organic	C	 -0.640	 0.036	
	 Conductivity	 0.317	 0.196	
	 pH	H2O	 0.104	 -0.192	
√Y	 Mn		 0.183	 0.159	
loge(10Y)	 Cu		 0.204	 0.397	
loge(10Y)	 Zn		 0.254	 0.354	
loge(Y)	 Fe		 0.492	 0.010	
loge(10Y)	 Exchangeable	Mg	 0.147	 0.030	
	 Exchangeable	Na	 -0.143	 -0.033	
loge(100Y)	 Total	N	 0.065	 0.021	
loge(Y)	 Total	P	 0.681	 0.349	









Microbial	 biomass	 measurements	 were	 not	 correlated	 with	 tree	 productivity	 in	 either	 the	
univariate	tests	(Table	4.8)	or	the	discriminant	function	analysis	(λ	=	0.949,	χ2	=	2.706,	d.f.	=	4,	P	
=	0.608	).	
Table	4.8:	 Soil	 microbial	 biomass	 data	 from	 producing	 and	 non-producing	 trees.	 Data	 are	
means	and	standard	deviations	with	univariate	tests	of	significance.	
	 	 Non-producing	 	 Producing	 	
	 	 n	=	34	 	 n	=		22	 	
		 	 x	̄ SD	
	
x	̄ SD	 P	
Total	microbial	biomass	 mg	kg-1	 7.843	 3.116	 	 7.131	 2.261	 0.347	
Fungal	biomass	 mg	kg-1	 2.035	 1.574	 	 2.157	 1.274	 0.912	
Bacterial	biomass	 mg	kg-1	 1.931	 1.581	 	 1.688	 1.136	 0.632	
Unknown	biomass	 mg	kg-1	 3.928	 1.897	 	 3.285	 1.880	 0.173	
d.f.	(1,54)	
No	 relationship	 was	 found	 between	 tree	 canopy	 data	 and	 the	 presence	 or	 absence	 of	
ascocarps	(λ	=	0.933,	χ2	=	7.451,	d.f.	=	7,	P	=	0.384;	Table	4.9).	
	
Table	4.9:	 Tree	 canopy	 data	 from	 producing	 and	 non-producing	 trees.	 Data	 are	 means	 and	





	 	 n	=	67	 	 n	=		46	 	
		 	 x	̄ SD	
	
x	̄ SD	 P	
Tree	height	 m	 3.64	 0.778	 	 3.72	 0.718	 0.398	
Canopy	
diameter	
m	 3.26	 0.476	 	 3.44	 0.446	 0.623	
Canopy	area	 Pixels	 29.627	 7.750	 	 29.630	 7.770	 0.998	
Blue	 Digital	number	 479.198	 17.839	 	 482.687	 14.462	 0.273	
Green	 Digital	number	 689.122	 52.067	 	 707.665	 58.378	 0.079	
Red	 Digital	number	 429.440	 25.436	 	 434.138	 26.152	 0.342	






producing	 and	non-producing	 trees,	 due	primarily	 to	 the	 influence	of	 S,	N	and	P	 levels.	 This	










finding	 is	 consistent	 with	 a	 large	 body	 of	 literature	 on	 mycorrhizal	 fungi	 in	 boreal	 and	




It	 is	 unclear	 from	 these	 results	 if	 this	 effect	 is	 indicative	 of	 quantitative	 differences	 in	 the	
availability	of	N	or	of	qualitative	differences	 in	N	source.	The	analysis	of	coefficients	showed	
that	 both	 soil	 NO3-	 and	 NH4+	 contributed	 to	 the	 significant	 discrimination	 between	 groups.	
However	the	direction	of	the	effects	were	opposite,	 indicating	an	inverse	relationship.	Unlike	
NH4+,	 NO3-	 is	 taken	 up	 against	 the	 electrochemical	 gradient	 within	 the	 root,	 thus	 requiring	
active	 transport.	 Furthermore,	NO3-	 requires	 reduction	 to	NH4+	before	 its	 assimilation	within	
the	mycorrhizal	mycelium	 (Chalot	et	 al.	 2006;	Hacquard	et	 al.	 2013;	 Le	 Tacon	et	 al.	 2015b).	
Thus	 NO3-	 assimilation	 can	 consume	 significantly	 more	 energy	 in	 the	 form	 of	 ATP	 and	
reductants,	than	NH4+	(Crawford	&	Arst	1993).	This	energy	consumption	may	redirect	available	
C	from	ectomycorrhizal	growth	and	reproduction	(Ek	1997;	Wallander	1995).		
There	 is	a	paucity	of	data	on	the	 levels	of	 inorganic	N	 in	truffle	plantation	soil.	Many	studies	
instead	 report	 the	 total	 N	 and	 C:N	 ratio	 as	 a	measure	 of	 N	 availability.	 Chevalier	&	 Sourzat	
(2012)	 reported	 that	 C:N	 ratios	 from	 French	 truffle	 plantations	 range	 from	 8.57	 to	 13.7.	 In	
theory	these	levels	should	support	net	N	mineralisation	(Hazelton	&	Murphy	2007).	Production	
of	 T.	 melanosporum	 is	 favoured	 by	 warm	 soil	 temperatures,	 moisture,	 oxygen	 and	 alkaline	
soils.	These	factors	are	associated	with	nitrification,	therefore	it	may	be	expected	that	NO3-	will	
be	 the	dominant	 form	of	 inorganic	N	 in	 truffle	 soils.	Thus	 the	presence	of	higher	NO3-	 levels	
observed	in	non-producing	trees	may	simply	indicate	an	increase	in	available	N,	or	a	reduction	
in	N	uptake.	These	 findings	concur	with	 those	of	Marjanović	et	al.	 (2015),	who	 found	higher	
levels	 of	 soil	 NO3-	 in	 a	 non-productive	 site	 when	 comparing	 three	 sites	 of	 differing	 T.	







vary	 depending	 on	 the	 levels	 of	 other	 nutrients	 (Marschner	 2008),	 following	 the	 ‘Sprengel-
Liebig	Law	of	the	Minimum’,	which	states	that	plant	growth	is	controlled	by	the	most	limiting	





Raynal	 2003).	 Increasing	 N	 deposition	 has	 been	 correlated	 with	 increased	 foliar	 N:P	 ratios,	
reduced	responsiveness	to	N	fertilisation	and	in	some	cases,	a	change	from	N	to	P	limitation.	
Several	authors	have	attempted	to	define	critical	N:P	 ratios	which	 indicate	N	or	P	 limitation.	







substantially	 greater	 than	 the	 optimum	 level	 for	 hazelnut	 production	 proposed	 by	 Alkoshab	
(1988)	 in	 their	assessment	of	DRIS	norms.	Producing	 trees	were	closer	 to	 the	optimum	than	
non-producing	trees.	This	is	consistent	with	the	assessment	against	the	sufficiency	ranges	that	
have	shown	that	the	mean	foliar	N	levels	were	within	the	high	range,	and	P	was	within	the	low	




values	 from	 truffle	 producing	 and	 non-producing	 C.	 avellana	 in	 New	 Zealand	 truffières.	
Average	N	concentrations	from	non-producing	trees	were	2.04%,	substantially	lower	than	the	
producing	 trees	 examined	 here	 at	 2.36%.	 Subsequent	 calculation	 of	 the	 corresponding	 N:P	
ratios	 from	 Hall	 et	 al.	 (2002)	 showed	 average	 N:P	 ratios	 in	 producing	 trees	 of	 14.9	 (n	 =	 4)	
compared	with	16.9	(n	=	6)	from	non-producing	trees.	
In	my	study,	both	total	P	and	available	P	contributed	to	the	significant	discrimination	between	




discriminant	 scores	 and	 therefore	 non-producing	 trees	 and	 available	 P	 contributed	 to	 lower	
discriminant	 scores.	 Similar	multivariate	 studies	 by	 García-Montero	 et	 al.	 (2006)	 found	 that	
active	 CaCO3	 was	 the	 most	 significant	 predictor	 of	 tree	 productivity.	 It	 was	 suggested	 that	
active	 CaCO3	 raises	 pH	 and	 free	 Ca2+,	 resulting	 in	 immobilisation	 of	 P	 (and	 some	 other	
nutrients)	 through	 the	 formation	 of	 insoluble	 CaPO4.	 This	 would	 then	 increase	 the	 plant	
reliance	on	mycorrhizae	for	P	uptake.	Bradshaw	(2005)	found	that	addition	of	68	kg	P	ha-1	 in	
the	form	of	 insoluble	apatite	P	lead	to	decreased	colonisation	of	T.	melanosporum	related	to	
increased	 competition	 from	 other	mycorrhizal	 species,	 whereas	 addition	 of	 similar	 levels	 of	
more	soluble	P	in	the	form	of	triple	super	phosphate	had	no	effect	on	T.	melanosporum.	It	was	
concluded	 that	 T.	 melanosporum	 had	 a	 tolerance	 to	 high	 levels	 of	 available	 P.	 A	 similar	
conclusion	was	expressed	by	Brown	(1998)	who	found	no	negative	impacts	of	P	addition	up	to	
150	mg	kg-1	in	a	glasshouse	trial.	Levels	of	available	P	averaged	104.8	and	98.7	mg	kg-1	for	non-
producing	 and	 producing	 trees,	 respectively.	 These	 levels	 are	 described	 as	 moderate	 P	
availability	by	Moody	&	Bolland	(1999)	for	soils	with	moderate	to	high	phosphorus	retention	
indices.	In	comparison,	Pampolina	et	al.	(2002)	found	that	raising	available	P	levels	from	19	to	
39	mg	kg-1	 through	 the	addition	of	1000	kg	P	ha-1	 reduced	native	ectomycorrhizal	 sporocarp	




Nitrogen	 saturation	 occurs	 when	 N	 addition	 exceeds	 the	 ecosystem’s	 requirements	 to	 the	
point	 at	 which	 N	 no	 longer	 limits	 primary	 productivity	 resulting	 in	 soil	 N	 accumulation	 and	
increased	N	export	through	leaching	of	NO3-	(Aber	et	al.	1998,	1989).	
Increasing	 N	 supply	 to	 forest	 ecosystems	 is	 commonly	 found	 to	 negatively	 impact	
ectomycorrhizal	 fungi.	 In	 particular,	 it	 affects	 sporocarp	 production,	 EMM	 and	 to	 a	 lesser	
extent,	mycorrhizal	abundance	(Treseder	2004).	The	reason	for	this	effect	 is	believed	to	be	a	
result	 of	 reduced	 below	 ground	 C	 allocation	 by	 the	 host	 plant	 (Ågren	 &	 Franklin	 2003;	
Wallenda	&	Kottke	1998),	as	well	as	the	high	C	cost	of	N	assimilation,	as	it	diverts	fungal	C	from	
growth	 and	 reproduction	 (Bidartondo	 et	 al.	 2001;	 Wallander	 1995).	 However,	 significant	
interspecies	variation	exists	 in	response	to	N	availability.	Certain	species	or	genera	are	highly	
sensitive	to	N	(e.g.	Cortinarius,	Piloderma	and	Suillus),	whereas	some	groups	have	been	shown	
to	 respond	positively	 (e.g.	 Laccaria,	 Lactarius,	 and	Paxillus;	 Avis	et	 al.	 2003;	 Brandrud	1995;	








tolerance	 is	 difficult	 to	 determine.	 Growth	 of	 T.	 melanosporum	 in-vitro	 was	 greatest	 when	
both	NH4+	and	NO3-	were	present,	but	growth	was	retarded	by	NO3-	when	supplied	as	the	sole	
N	 source	 (Mamoun	 &	 Olivier	 1991).	 However,	 the	 ability	 to	 utilise	 NO3-	 in	 culture	 is	 not	
necessarily	 correlated	 with	 performance	 in	 the	 field	 (Nygren	 et	 al.	 2008).	 These	 authors	
suggested	 that	 the	nitrophilic	 characteristic	may	be	 related	 to	 the	physical	properties	of	 the	
fungal	mantle.	In	particular,	it	was	suggested	that	hydrophilic	mantles	could	promote	a	passive	
uptake	of	NO3-,	and	hence	reduce	the	energy	spent	on	active	NO3-	uptake.	This	hypothesis	was	
supported	 in	 a	 review	 by	 Lilleskov	 et	 al.	 (2011)	 who	 found	 that	 most	 nitrophilic	




even	 nitrophilic	 species	 often	 decline	 over	 time	 under	 chronic	 N	 inputs,	 suggesting	 their	
tolerance	to	NO3-	has	a	limit	(Brandrud	&	Timmermann	1998).	
Currently	there	is	no	unifying	framework	to	explain	the	variable	responses	of	ectomycorrhizal	
fungi	 to	 nutrient	 enrichment.	 Johnson	 (2010)	 proposed	 a	 stoichiometric	 framework	 for	
interpreting	 the	 balance	 between	 N:P:C	 within	 the	 arbuscular	 mycorrhizal	 (AM)	 symbiosis	
based	 on	 economic	 models	 for	 resource	 trade	 and	 balance.	 Within	 the	 plant,	 functional	
equilibrium	predicts	 that	 a	plant	will	 allocate	 its	 resources	 so	 that	 all	 resources	 limit	 growth	
equally.	Therefore,	when	light	acquisition	limits	growth,	the	plant	will	invest	in	growth	of	leaf	
and	stems,	and	when	nutrients	or	water	are	growth	 limiting	 the	plant	will	 increase	 resource	
allocation	 to	 the	 root	 system	resulting	 in	 larger	 root:shoot	 ratios	and	 increased	allocation	 to	




heavily	 reduced	 resulting	 in	 a	 reduction	 in	 total	 C	 available	 to	mycorrhizal	 partner.	 Johnson	












N	 supply	 when	 10	 mg	 P	 L-1	 was	 supplied.	 Treatments	 with	 25	 mg	 P	 L-1	 resulted	 in	 greater	
colonisation	at	 low	N	but	the	colonisation	decreased	with	 increasing	N	concentration.	This	 is	
consistent	with	the	response	predicted	by	Johnson’s	stoichiometric	model.	Other	authors	have	
also	 found	 high	 ectomycorrhizal	 colonisation	 under	 high	 N	 low	 P	 conditions	 (Wallander	 &	
Nylund	 1992),	 and	 reports	 of	 negative	 mycorrhizal	 growth	 responses	 associated	 with	
ectomycorrhizal	 symbiosis	 are	 not	 uncommon	 (Smith	 &	 Read	 2008).	 Thus	 Johnson’s	
stoichiometric	 model	 may	 be	 useful	 to	 predict	 plant	 C	 allocation	 in	 ectomycorrhizal	
partnerships	as	well.		
In	 this	 context	 the	 positive	 responses	 of	 T.	 melanosporum to	 high	 P	 levels	 observed	 by	
Bradshaw	(2005)	may	be	related	to	 the	N	 limitation	demonstrated	 in	 the	same	study,	 rather	
than	a	preference	for	high	P	conditions.	
Ectomycorrhizae	 are	 more	 common	 than	 AM	 in	 N-limited	 environments	 and	 can	 transport	
ecologically	 meaningful	 quantities	 to	 their	 hosts,	 more	 so	 than	 AM	 (Smith	 &	 Read	 2008).	
Therefore	in	this	context,	Johnson’s	model	appears	not	to	hold.	Ectomycorrhizal	fungi	exhibit	a	
wide	 range	 of	morphological	 and	 functional	 diversity.	 Different	 ectomycorrhizal	 species	 can	
vary	widely	in	their	affinity	and	efficiency	in	the	uptake	of	different	soil	resources.	Therefore,	
the	persistence	of	a	species	at	a	particular	site	is	ultimately	determined	by	its	response	to	soil	
conditions	 as	 well	 as	 the	 total	 supply	 of	 host	 C.	 Lilleskov	 et	 al.	 (2011)	 suggested	 that	 the	
function	 of	 ectomycorrhizae	 may	 be	 broadly	 related	 to	 morphology.	 They	 made	 the	
observation	 that	 those	 species	most	 sensitive	 to	 N	 deposition	 generally	 possess	medium	 to	
long	 distance	 fringe	 exploration	 types.	 Furthermore,	 they	 argue	 that	 this	 morphotype	 is	






al.	 (2013)	 found	 a	 strong	 positive	 correlation	 between	 the	 relative	 abundance	 of	 contact	
exploration	ectomycorrhizae	with	 total	 soil	N	and	 soil	organic	matter	 content	 in	a	neglected	
Quercus	 ilex	 coppice	 in	 southern	 France.	 Tuber	 ectomycorrhizae	 are	 classified	 as	 contact	
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exploration	 type,	 and	 possess	 limited	 emanating	 cystidia	 when	 observed	 microscopically	
(Agerer	 2006).	 However,	 recent	 studies	 quantifying	 the	 biomass	 of	 EMM	 in	 soils	 using	
quantitative	 PCR	 have	 found	 large	 quantities	 of	 Tuber	mycelium	 in	 truffle	 producing	 soils	
relative	to	that	found	for	other	mycorrhizal	species.	For	example,	Parladé	et	al.	 (2013)	found	
200	 to	 400	 µg	mycelium	 g-1	 in	 Spanish	 T.	 melanosporum	 plantations	 and	 >2500	 µg	 g-1	 in	 a	
naturally	producing	stand.	Gryndler	et	al.	(2013)	found	2180	µg	g-1	of	Tuber	aestivum	mycelium	
in	 a	 natural	 forest	 soil.	 Similar	 studies	 in	 a	 variety	 of	 Italian	 productive	 T.	 magnatum	 sites	
found	average	levels	of	soil	mycelium	of	4	–	7	µg	g-1	(Iotti	et	al.	2014).	In	comparable	studies	De	
la	Varga	et	al.	 (2013)	 found	quantities	of	 soil	mycelium	of	Boletus	edulis	Bull.	 (long	distance	
exploration	type)	ranged	between	17	-	158	µg	g-1	throughout	the	year	and	Lactarius	deliciosus	
(L.)	Gray	 (contact	exploration	 type)	 ranged	 from	33	 -	 1840	µg	g-1.	 Furthermore,	Hortal	et	al.	
(2008)	 found	 quantities	 of	 soil	mycelium	belonging	 to	 L.	 deliciosus	 and	Rhizopogon	 roseolus	
(Corda)	Th.	Fr.	and	R.	luteolus	(long	distance	exploration	type),	with	average	values	of	3.3,	42	
and	 32.3	 µg	 g-1,	 respectively	when	 grown	 on	Pinus	 pinea,	 8	months	 after	 out	 planting.	 This	
seems	 to	 suggest	 that	 there	 may	 be	 little	 correlation	 between	 the	 quantity	 of	 mycelium	




In	 this	 study	 no	 relationship	was	 found	between	 truffle	 production	 and	 the	 size	 of	 the	 host	
tree.	 This	 is	 contrary	 to	 a	 number	 of	 studies	 that	 have	 shown	 a	 relationship	 between	 tree	
height	and	truffle	production	(Shaw	et	al.	1996),	or	 the	onset	 (Suz	et	al.	2008)	or	size	of	 the	
burn	 (Lulli	et	al.	1999).	However,	vigour	of	the	fungus,	measured	through	the	colonisation	of	
root	 tips,	 was	 a	 significant	 predictor	 of	 tree	 productivity.	 Ectomycorrhizal	 abundance	 is	














Whilst	 we	 observed	 differences	 in	 the	 availability	 of	 Zn	 and	 Cu	 from	 productive	 and	 non-
productive	soils,	it	is	difficult	to	determine	how	important	these	differences	are	to	the	pattern	
of	truffle	production.	García-Montero	et	al.	(2012)	suggest	that	high	levels	of	active	carbonate	
promote	 dependence	 of	 the	 tree	 on	 the	mycorrhizal	 partner	 by	 reducing	 the	 availability	 of	
certain	nutrients.	 In	addition	 to	P	 (discussed	above),	Zn	availability	 is	 reduced	under	alkaline	
conditions	(Armour	&	Brennan	1999).	The	low	levels	of	Zn	observed	under	producing	trees	in	
this	study	are	consistent	with	the	hypothesis	of	García-Montero	et	al.	(2012),	however	active	




This	 study	 provides	 the	 first	 evidence	 that	macro-nutrient	 nutrition	 plays	 a	 role	 in	 the	 early	
fructification	of	T.	melanosporum.	These	data	show	that	truffle	producing	trees	are	associated	
with	 lower	 levels	of	soil	NO3-	which	was	reflected	 in	 lower	N:P	ratios	within	the	host	 foliage.	
The	 findings	 support	 existing	 evidence	 that	T.	melanosporum	 is	 tolerant	 to	 relatively	 high	 P	
levels	compared	to	other	ECM	species,	and	that	high	soil	NO3-	may	be	detrimental	to	ascocarp	
production.	However	the	data	seem	to	contradict	the	model	proposed	by	Johnson	(2010)	for	
AM	 fungi	 that	 high	 N	 and	 low	 P	 conditions	 promote	 mycorrhizal	 mutualism.	 Part	 of	 the	
difficulty	in	interpreting	the	findings	may	be	because	the	study	only	covers	a	small	area	(20	ha)	

















Chapter 5: The symptomology and biology of truffle 




















It	was	 concluded	 that	 erumpent	ascocarps	 are	exposed	 to	 a	 range	of	 environmental	
and	 biotic	 stressors,	 including	 T.	 crotocinigenum,	 leading	 to	 the	 rot	 of	 ascocarps.	
Covering	 erumpent	 ascocarps	with	 soil	 during	 growth	was	 shown	 to	 be	 an	 effective	







The	 Australian	 truffle	 industry	 is	 becoming	 increasingly	 successful,	 producing	 an	 estimated	
8,000	kg	in	the	2015	season	(Stahle	2015).	However,	many	producers	have	been	experiencing	
heavy	losses	of	ascocarps	to	a	disease	syndrome	known	as	‘truffle	rot’.	The	problem	was	first	
recognised	 in	Manjimup	 in	Western	Australia,	but	 similar	 issues	have	since	been	 reported	 in	
other	truffle	growing	regions	across	Australia.	Total	losses	to	rot	were	estimated	at	over	35%	
of	 the	national	 truffle	 harvest	 during	 the	 2010	 season	 (Eslick	 2013).	As	 such,	 truffle	 rot	was	
recognised	as	a	significant	threat	to	the	profitability	of	the	Australian	industry.	It	was	listed	as	
a	 priority	 area	 for	 research	 in	 the	 Australian	 truffle	 industry	 R&D	 strategic	 plan	 2009-2011	
(RIRDC	2009)	
Truffle	 rot	 is	 a	 general	 term	 used	 to	 describe	 the	 premature	 loss	 or	 spoilage	 of	 ascocarps	
before	reaching	maturity.	This	definition	is	clearly	very	broad	and	could	refer	to	a	number	of	
different	 diseases	 and	 disorders.	 The	 problem	 is	 characterised	 by	 a	 range	 of	 symptoms:	
softness,	discolouration,	or	a	proliferation	of	fungi	or	bacteria	on	the	peridium	(Eslick	2013).	In	
the	absence	of	research	it	is	expected	that	losses	to	rot	will	continue	to	increase	as	Australian	
truffle	 production	 is	 set	 to	 increase	 exponentially,	 as	 established	 plantations	 reach	 the	
productive	phase	(Lee	2008).	
Information	on	the	prevalence	and	extent	of	rot	found	in	both	natural	and	artificial	truffières	
in	 Europe,	 and	other	 truffle	 growing	 regions	 of	 the	world	 is	 lacking,	 but	 anecdotal	 evidence	
suggests	 that	 some	degree	of	 rot	does	occur.	The	main	cause	of	 rot	 in	Europe	 is	most	 likely	
freezing	 damage,	 due	 to	 heavy	 frosts,	 that	 can	 penetrate	 several	 centimeters	 into	 the	 soil	
(Olivier	et	al.	2012).	Hall	et	al. (2007)	reports	that	rot	can	also	occur	 in	response	to	bacterial	
invasion	after	insect	damage,	and	due	to	poor	soil	drainage	and	heavy	rains.	Insect	pests	such	
as	 the	 truffle	 beetle	 (Coleoptera.	 Leiodidae.	 Leiodes	 cinnamomeus	 Panzer)	 and	 truffle	 flies	
(Diptera.	Heleomyzidae.	Suillia	spp.)	can	be	another	significant	problem,	particularly	in	areas	of	




found	high	bacterial	 levels,	up	 to	107	CFU	g-1	 in	healthy	mature	 truffles	 (Barbieri	et	al.	2007;	
Gazzanelli	 et	 al.	 1999;	 Pacioni	 et	 al.	 2007;	 Rivera	 et	 al.	 2011,	 2010a;	 Saltarelli	 et	 al.	 2008).	
While	the	great	majority	of	these	species	are	probably	commensal,	it	is	believed	that	they	may	





to	 identify	 beneficial	 bacteria	 potentially	 involved	 in	 a	 tripartite	 symbiosis	 during	 root	
colonisation	or	ascocarp	development	(Garbaye	1994;	Rainey	et	al.	1990)	rather	than	assessing	
their	pathogenic	potential.	Recent	evidence	suggests	that	this	may	be	the	case	for	some	white	
truffles	 (T.	 borchii	 and	 T.	 magnatum)	 which	 have	 been	 found	 to	 possess	 high	 levels	 of	
Sinorhizobium,	 Rhizobium	 and	 Bradyrhizobium	 spp.,	 groups	 responsible	 for	 N	 fixation	 in	
legume	nodules	(Barbieri	et	al.	2005,	2007).	Subsequent	studies	demonstrated	the	expression	
of	 the	 nitrogenase gene	 (nifH)	 originating	 from	Bradyrhizobium	 and	 nitrogenase activity	 via	
acetylene	 reduction,	 indicative	of	N	 fixation	 (Barbieri	et	 al.	 2010).	 In	 addition	 Splivallo	et	 al.	
(2014)	demonstrated	 that	bacteria	are	exclusively	 responsible	 for	 the	synthesis	of	thiophene	
volatiles, which	are	a	key	component	of	the	T.	borchii	aroma.	These	microbial	endobionts	are	
thought	to	originate	from	the	surrounding	soil,	gaining	entry	shortly	after	initiation	when	the	
ascocarp	 is	 in	the	hyphal	stage	 in	which	the	hypothecium	is	exposed	(Appendix	V).	However,	
Pacioni	 (1990)	 suggested	 that	 pore-like	 structures	 within	 the	 peridium	 of	 T.	 melanosporum	
may	 provide	 an	 entry	 point	 for	 micro-organisms	 throughout	 ascocarp	 growth.	 Rivera	 et	 al.	







causal	 agents.	More	 recently,	 Pavić	et	al.	 (2013)	 isolated	Clonostachys	 rosea	 (Link)	 Schroers,	
Samuels,	 Seifert	 &	 Gams,	 Verticillium	 leptobactrum	 W.	 Gams,	 and	 Trichoderma	 sp.	 from	
diseased	ascocarps	of	Tuber	magnatum	in	Serbia.	Two	fungal	species,	Battarrina	inclusa	(Berk	
&	Broome)	Clem.	and	Melanospora	subterranea	L.	Fan,	C.L.	Hou,	P.F.	Cannon	&	Y.	Li,	have	also	
been	 found	 as	 internal	 parasites	 of	 ascocarps	 of	 Tuber	 puberulum	 Berk	 &	 Broome	 and	 T.	
indicum	respectively	(Fan	et	al.	2012;	Thoen	&	Schultheis	2005).	Both	of	these	species	produce	
cleistothecia	 containing	 dark	 walled	 spores,	 which	 causes	 dark	 spotting	 within	 the	 gleba,	
though	the	damage	is	only	cosmetic.		









Truffle harvest data 
The	commercial	truffle	harvest	data	(collected	following	the	methods	described	in	Chapter	3)	
were	used	to	identify	factors	associated	with	diseased	ascocarps.	At	harvest,	the	date,	weight	
(before	washing),	depth,	and	condition	 (presence	or	absence	of	 rot)	were	 recorded	 for	each	
ascocarp.			
Survey of diseased ascocarps 
Collection of ascocarp samples  
Ascocarps	were	sampled	on	 three	separate	occasions	 in	2011;	before	 the	start	of	 the	 truffle	
season	9th-11th	May,	during	the	truffle	season,	13th-15th	June,	and	again	from	13th-14th	August.	
The	May	samples	were	opportunistically	collected	along	6	x	150	m	long	transects	in	different	
areas	 of	 the	 study	 site.	 Diseased	 ascocarps	 exposed	 at	 the	 soil	 surface	were	 collected,	 and	
ascocarps	beneath	 characteristic	 soil	 eruptions	 and	 leaf	 litter	were	periodically	 examined	by	
removing	 the	 cover	 from	 randomly	 selected	 areas	 of	 litter	 or	 soil	 eruptions.	 All	 ascocarps	
exhibiting	symptoms	of	rot	were	collected.	 	 In	June	and	August,	trained	dogs	 located	mature	
and	diseased	ascocarps	during	the	normal	harvest	operations.	The	property	was	divided	 into	
14	harvest	blocks	which	were	harvested	on	a	weekly	basis.	Samples	were	taken	from	the	six	
blocks	 which	 captured	 the	 area	 of	 the	 above	 transects.	 Diseased	 ascocarps	 were	 lightly	
washed	before	taking	a	random	sub-sample	to	use	for	further	examination.	On	all	dates,	only	
ascocarps	which	 contained	 >40%	 by	 volume	 healthy	 tissue	were	 selected,	 so	 that	 isolations	
could	be	made	across	the	disease	front.				
Symptom description 
Selected	 ascocarps	 were	 weighed	 and	 the	 extent	 and	 type	 of	 insect	 damage	 was	 recorded	
along	 with	 the	 presence	 of	 cracking.	 These	 ascocarps	 were	 cut	 transversely	 exposing	 the	
diseased	and	healthy	parts	of	the	internal	tissue.	A	digital	photograph	was	taken	and	ascocarps	
were	 classified	 by	 the	 presence	 or	 absence	 of	 a	 number	 of	 distinct	 symptom	 types.	 Each	
symptom	type	was	grouped	according	to	common	characteristics	of	colour,	symptom	location,	
unnatural	wetness	of	the	cut	surface,	and	firmness	under	finger	pressure.	







mounted	on	 glass	 slides	 then	 stained	with	 toluidine	blue	 for	 observation	under	 an	Olympus	
BX51	microscope.	
Isolation of contaminating fungi 
Ascocarps	with	 rot	 symptoms	were	 transported	back	 to	 the	 lab	and	 stored	at	4	 °C	 for	up	 to	
three	 days.	 Ascocarps	 samples	were	 surface	 sterilised	 by	 immersion	 in	 70%	ethanol	 for	 one	






Identification of isolates 
Cultures	were	grouped	according	to	macro-	and	micro-	morphological	features	(Domsch	et	al.	
1980;	Ellis	1971,	1976;	Hoog	et	al.	2001).	Where	possible,	isolates	were	identified	to	the	genus	






Experiment 1 - Pathogenicity of Trichothecium crotocinigenum and 
Acrostalagmus luteoalbus 	  
Fungal isolation 
Two	 fungal	 species	 were	 conspicuous	 in	 their	 production	 of	 sporulating	 lesions	 on	 the	











Fresh	 cultures	 of	 each	 species	 were	 collected	 using	 single	 spore	 isolation	 from	 sporulating	
lesions	 of	 both	 symptom	 types.	 Several	 ascocarps	 exhibiting	 each	 symptom	were	 collected,	




A	 spore	 suspension	was	made	 from	each	 lesion	 by	 scraping	 a	 small	 uniform	 section	 using	 a	
sterile	needle	and	suspending	it	in	5	mL	of	sterile	distilled	water.	An	aliquot	of	800	µL	of	each	
suspension	was	placed	onto	a	petri	dish	containing	½	PDA	+streptomycin	and	spread	using	a	
sterile	 glass	 rod.	 Plates	 were	 allowed	 to	 dry	 before	 being	 observed	 under	 a	 microscope	 to	
assess	spore	density.	Where	spore	density	was	too	great	to	allow	picking	of	individual	spores	













spore	 suspension	 from	 a	 pure	 culture	 of	Acrostalagmus	 luteoalbus;	 Control:	 sterile	 distilled	
water),	 and	 two	 incubation	 treatments	 (covered	 and	 uncovered)	 arranged	 in	 a	 blocked	






process	 repeated	 a	 second	 time	 and	 combined	 with	 the	 first.	 The	 spore	 suspension	 of	 A.	
luteoalbus	 was	 diluted	 1:10,	 creating	 a	 final	 spore	 density	 of	 45,000	 spores	 mL-1.	 The	 final	
spore	density	of	T.	crotocinigenum	was	4,700	spores	mL-1.		
One	day	prior	to	the	start	of	the	experiment,	ten	ascocarps	with	rot	were	collected	at	random	




remaining	 tissue	was	combined	with	 twice	 the	mass	of	 sterile	distilled	water	and	macerated	
using	a	whirring	blender	(Sunbeam©)	for	1	minute.	Macerated	tissue	(RT)	was	then	divided	into	
two	 equal	 portions,	 one	 of	 which	 was	 sterilised	 in	 a	 pressure	 cooker	 (Tramontina©)	 for	 20	
minutes	(RT-S).		
Selection of experimental units 
Treatments	 were	 arranged	 into	 10	 blocks	 located	 in	 different	 high	 producing	 areas	 of	 the	
plantation.	Blocks	were	established	on	the	25th	April	2012	by	walking	up	to	10	trees	away	from	
the	starting	point	searching	for	ascocarps	until	the	required	number	of	suitable	experimental	
units	 were	 located.	 Ascocarps	 were	 identified	 by	 gently	 unearthing	 characteristic	 soil	




A	 V-shaped	 cut,	 roughly	 1	mm	wide	 by	 1	mm	 deep	 and	 5	 -	 10	mm	 long,	 was	made	 in	 the	
peridium	of	each	ascocarp	with	a	sterile	scalpel.	Inoculum,	500	µL,	was	applied	to	the	wound	
and	 surrounding	 area	 of	 each	 ascocarp	 (Figure	 5.2A).	 A	 small	 piece	 of	 plastic	 was	 placed	





were	 then	 left	uncovered,	or	covered	with	3	 litres	of	 loamy	soil,	according	 to	 the	 incubation	
treatment.	 Inoculated	 truffles	 were	 incubated	 for	 30	 days,	 after	 which	 ascocarps	 were	
harvested	and	brought	back	to	the	lab	for	analysis.		
	
Figure	5.2:	 A)	 an	 exposed	 ascocarp	 being	 innoculated.	 B)	 An	 inoculated	 ascocarp	 partially	
covered	wth	plastic	to	aid	infection.	
Ascocarp assessment 
Harvested	 ascocarps	 were	 externally	 examined	 for	 the	 presence	 of	 rot	 (softness,	 wetness,	
discolouration).	The	presence	of	sporulating	fungi	was	recorded	and	spores	were	isolated	onto	
PDA	 medium	 by	 picking	 directly	 from	 clean	 areas	 of	 the	 lesion	 using	 a	 dissecting	 needle.	
Ascocarps	 were	 then	 washed	 free	 of	 adhering	 soil	 under	 running	 water	 before	 being	 cut	
perpendicular	 to	 the	 point	 of	 inoculation	 to	 reveal	 the	 extent	 of	 any	 internal	 damage.	 The	
presence	and	depth	of	internal	damage	was	recorded	and	photographs	were	taken.	Samples	of	




The effect of damage and soil  cover on the susceptibil ity of ascocarps 
to rot 
Two	separate	experiments	were	conducted	simultaneously.	The	first	aimed	to	determine	the	
effect	 of	 ascocarp	 exposure	 as	 well	 as	 damage	 to	 the	 peridium	 on	 the	 propensity	 of	 the	
ascocarp	to	rot,	addressing	H3	and	H4.	The	second	experiment	was	more	directly	applicable	to	











as	 experimental	 units.	 Selected	 ascocarps	 were	 then	 randomly	 assigned	 to	 a	 treatment	
combination.	The	damage	treatment	involved	making	a	triangular	groove	in	the	peridium	ca.	5	
mm	 long	 x	 1	 mm	 wide	 and	 1	 mm	 deep	 using	 a	 sterile	 scalpel	 (Figure	 5.3).	 The	 +covering	
treatment	 involved	 covering	 ascocarps	 with	 3	 L	 of	 loamy	 soil,	 and	 the	 -cover	 treatment	
involved	re-covering	the	ascocarp	with	the	loamy	soil	until	only	a	small	area	of	peridium	was	
exposed,	 ca.	 1	 cm2.	 Ascocarps	 were	 left	 for	 11	 weeks	 before	 being	 assessed	 for	 rot	
development.	 The	presence	of	 rot	was	determined	by	 removing	 the	 surface	 soil	 and	 testing	
the	firmness	of	the	upper	surface	of	the	ascocarp	with	finger	pressure.	
Experiment 3 
Two	 treatments	 were	 compared	 (+cover	 and	 control)	 in	 a	 randomised	 complete	 block	
arrangement	 across	 five	 blocks.	 On	 the	 9th	 April	 2012,	 100	 ascocarps	 were	 located	 by	 the	
characteristic	cracking	 in	 the	soil	and	assigned	at	 random	to	one	of	 the	two	treatments.	The	
+cover	 group	 were	 covered	 with	 1.5	 L	 of	 loamy	 soil	 (a	 reduced	 soil	 volume	 compared	 to	
experiment	 1	was	used	 to	more	 accurately	 reflect	management	operations)	 and	 the	 control	
group	were	 left	undisturbed.	Ascocarps	were	 then	 left	 for	 seven	weeks	and	assessed	 for	 rot	
development	as	described	above.		
	
Figure	5.3:	 A)	 An	 exposed	 ascocarp	 showing	 the	 cut	 in	 the	 peridium	 used	 in	 the	 +damage	






Log-linear	 modelling	 was	 used	 to	 determine	 the	 relationship	 between	 ascocarp	 condition,	
ascocarp	depth	and	month	of	collection.	Backwards	elimination	of	effects	was	used	to	select	
the	 most	 parsimonious	 model	 which	 described	 the	 data.	 Chi-square	 analysis	 was	 used	 to	
detect	significant	differences	in	the	numbers	of	fungal	isolates	and	the	proportion	of	ascocarps	
from	which	fungi	were	recovered	over	the	3	months	of	collection.	The	frequency	of	symptom	
expression	 and	 re-isolation	 of	 fungi	 from	 the	 pathogenicity	 trial	 were	 compared	 between	
treatments	using	chi-square	analysis.	The	effect	of	cover	treatment	was	collapsed	to	meet	the	
requirements	 of	 Zar	 (2010)	 that	 the	 average	 expected	 frequency	 must	 be	 greater	 than	 5.	
Further	a	priori	hypotheses	were	tested	comparing	the	RT	treatment	against	the	RT-S	and	the	
water	 control	against	 the	A.l	 and	T.c	 treatments.	The	 latter	 treatments	were	compared	post	
hoc,	using	pairwise	comparison	with	adjusted	α-	levels	after	Bonferroni	correction.	The	effect	
of	 cover	 treatment	on	 surface	and	 internal	 lesion	development	were	assessed	by	 chi-square	
analysis	using	pooled	data	from	all	treatments.	The	effect	of	soil	cover	in	factorial	combination	




Analysis of truffle harvest data 
During	 the	 2009	 truffle	 season	 12,749	 ascocarps	 were	 harvested,	 complete	 data	 were	
collected	 from	 12,493	 ascocarps	 which	 were	 used	 for	 log-linear	 analysis.	 The	 final	 model	
retained	all	two-way	effects	(χ2	(3)	=	1.271,	P	=	0.736).	Erumpent	ascocarps	were	4	times	more	
















Figure	5.5:	 The	relative	 frequency	of	erumpent	and	hypogeous	ascocarps	 in	 the	2009	harvest	
season	(χ2	(1)	=	188.7,	P	<	0.001,	n	=	12,427).	
Survey of diseased ascocarps 
A	total	of	145	symptomatic	ascocarps	were	assessed	over	the	three	assessment	periods	(43	in	
May,	 63	 in	 June,	 and	 39	 in	 August	 2011).	 Nine	 distinct	 symptom	 types	 were	 identified	 in	
internal	tissues.	With	the	exception	of	the	‘over	mature’	and	‘dry’	type,	all	symptoms	had	an	































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure	5.6:	 Photographs	 illustrating	 the	 different	 rot	 types.	 A)	 Pink	 rot	 +	 tissue	 necrosis	 I;	 B)	
tissue	necrosis	II	with	black	vein;	C)	black	rot	in	immature	ascocarp;	D)	corky	rot;	E)	
leathery	 tissue;	 F)	 tissue	 necrosis	 II	 with	 black	 vein	 at	 the	 disease	 front;	 G)	 over-
mature;	H)	tissue	necrosis	I	in	a	semi-mature	ascocarp	with	some	pink	type	present;	
I)	dry	symptom	type;	J)	 thin	section	from	an	ascocarp	with	the	dry	symptom	type.	












May	 occurring	 in	 23%	 of	 ascocarps,	 but	 became	 increasingly	 difficult	 to	 distinguish	 as	 the	
healthy	tissue	became	darker,	occurring	in	2%	of	ascocarps	in	June	and	absent	in	August.	The	










ascocarps	 from	 which	 fungi	 were	 isolated	 appeared	 to	 have	 declined	 over	 the	 sampling	
periods	 from	100%	 in	May	 to	66%	 in	August,	although	 the	effect	was	not	 significant	 (χ2(2)	=	
1.47,	 P	 =	 0.479).	 The	 total	 number	 of	 isolates	 collected	 did	 not	 differ	 between	 sampling	
periods	(χ2	(2)	=	0.28	P	=	0.869).	However,	there	were	differences	between	species	(Table	5.2).	
The	 most	 frequently	 recovered	 fungal	 species	 was	 Clonostachys	 rosea,	 found	 in	 25%	 of	
ascocarps	 sampled	 and	 frequently	 found	 at	 all	 sampling	 dates.	 A	 large	 variety	 of	 Fusarium	




Fusarium	 oxysporum	 Schltdl.	 and	 Fusarium	 equiseti	 (Corda)	 Sacc.	 which	 were	 frequently	
recovered	 during	 the	 May	 and	 June	 sampling	 periods	 but	 only	 occasionally	 in	 August.	
Trichothecium	crotocinigenum	was	recovered	from	7-8%	of	ascocarps	in	May	and	June	but	was	
absent	 in	 August.	 Ilyonectria	 macrodidyma	 (Halleen,	 Schroers	 &	 Crous)	 P.	 Chaverri	 &	 C.	
Salgado	was	the	most	commonly	isolated	species	during	August,	being	recovered	from	29%	of	
ascocarps,	but	only	4	and	2%	 in	May	and	 June	 respectively.	Similarly,	an	unidentified	 fungus	




further	 11%	 could	 not	 be	 assessed	 due	 to	 excessive	 physical	 decay	 due	 to	 disease	
development).	 However,	 it	 was	 difficult	 to	 determine	 if	 damage	 was	 a	 direct	 precursor	 to	
disease	development	or	whether	invertebrates	were	attracted	to	the	proliferation	of	bacteria	
and	decaying	tissue	associated	with	diseased	ascocarps.	A	number	of	insects	and	larval	species	
were	 associated	 exclusively	 with	 rotten	 tissue	 and	 were	 regarded	 as	 secondary	 colonisers.	
Pests	 found	predating	on	healthy	tissue	 included	snails	and	slugs	(Gastropoda),	collembolans	
(Ceratophysella	 denticulate	 Bagnall,	 C.	 gibbosa	 Bagnall),	 larval	 fungal	 Gnats	 (Bradysia	 spp.,	
Sciaridae).	 Beetles	 of	 the	 genus	 Liodes	 (Coleoptera)	 were	 occasionally	 observed,	 although	
never	Liodes	cinnamomeus	(an	obligate	parasite	of	Tuber	melanosporum).	
Pathogenicity tr ial (Experiment 1) 
The	 frequency	 of	 internal	 lesion	 development	was	 significantly	 different	 between	 treatment	
groups	(χ2	 (4)	=	29.253,	P	<0.001).	Odds	ratios	showed	that	ascocarps	 inoculated	with	the	RT	
treatment	 were	 4.67	 times	 more	 likely	 to	 develop	 rot	 than	 those	 with	 RT-S.	 Similarly,	
inoculation	with	the	T.c	treatment	 increased	the	 incidence	of	rot	by	3.25	times,	whereas	the	
A.l	 treatment	 was	 not	 significantly	 different	 from	 the	 water	 control.	 Lesions	 length	 ranged	
from	 0	 to	 27	 mm	 in	 the	 T.c	 treatment	 and	 0	 to	 42	 mm	 in	 the	 RT	 treatment.	 However,	
maximum	 lesion	 length	 was	 restricted	 by	 the	 size	 of	 the	 ascocarp,	 which	 varied	 between	
experimental	 units.	 As	 a	 result,	 statistical	 comparison	 of	 lesion	 length	was	 not	 possible.	 Re-
isolation	 of	 T.	 crotocinigenum	 was	 achieved	 in	 9	 of	 the	 20	 ascocarps	 which	 were	 initially	
inoculated	with	 T.c,	 but	 also	 from	10	of	 the	 20	 ascocarps	which	 received	 the	RT	 treatment.	





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Of	 the	 other	 fungal	 species	 recovered,	 only	 Fusarium	 oxysporum	 was	 recovered	more	 than	
once	from	a	single	treatment	group.	Despite	being	the	most	common	species	recovered	in	the	









all	 treatment	 groups	 with	 the	 exception	 of	 the	 RT-S	 treatment	 (Table	 5.3).	 However,	 T.	






Sporulation	 of	 Acrostalagmus	 luteoalbus	 was	 not	 observed	 in	 any	 of	 the	 experimental	
treatments.	
Table	5.3:	 The	 effects	 of	 inoculation	 treatment	 on	 symptom	 development	 and	 recovery	 of	
Trichothecium	crotocinigenum	and	Acrostalagmus	luteoalbus.	Data	are	proportions	
(n	=	20).	Chi-square	results	are	from	tests	considering	the	five	treatments	together.	



















Control	 0.2	 a	 0.05	 a	 0	 a	 0.05	 a	 0	
A.l	 0.1	 a	 0.05	 a	 0	 a	 0	 a	 0.1	
T.c	 0.65	 b	 0.45	 b	 0.3	 b	 0.45	 b	 0	
RT-S	 0.15	 a	 0	 a	 0.1	 n.s.	 0	 a	 0	
RT	 0.7	 b	 0.3	 b	 0.2	 		 0.5	 b	 0	
 	 	 	 	 	 	 	 	 	
 χ2	 29.253	 21.687	 12.879	 31.875	 8.163	
d.f.	 4	 4	 4	 4	 4	






Figure	5.8:	 A)	 longitudinal	 section	 of	 an	 ascocarp	 showing	 internal	 lesion	 development	 (*).	
White	 arrow	 shows	 the	 point	 of	 inoculation.	 Scale	 bar	 =	 1	 cm.	 B)	 inoculated	
ascocarp	 showing	 surface	 sporulation	 (arrow)	 of	 Trichothecium	 crotocinigenum	
after	 30	 days.	 C)	 Phialides	 and	 conidia	 of	 T.	 crotocinigenum	 on	 the	 surface	 of	 an	
ascocarp.	 Scale	 bar	 =	 50	 µm,	 and	 D)	 phialides	 (solid	 arrow)	 and	 conidia	 (hollow	
arrow)	of	T.	crotocinigenum	in	culture.	Scale	bar	=	20	µm.	












































































































































































































































































































































































































































































































































































































































































































































































those	 below	 the	 soil	 surface.	 Combined	with	 the	 fact	 that	 >90%	 of	 ascocarps	 found	 during	
2009	were	 in	the	top	5	cm	of	soil,	 this	suggests	that	shallow	ascocarp	formation	may	be	the	
primary	 abiotic	 factor	 predisposing	 ascocarps	 to	 rot,	 supporting	 H3.	 Further	 support	 was	
provided	 by	 the	 two	 covering	 trials,	 which	 showed	 that	 removing	 soil	 cover	 increased	 the	
incidence	of	rot	development	and	manually	coving	ascocarps	reduced	it.	
The	 wide	 variety	 of	 symptoms	 observed	 during	 the	 survey	 period	 is	 suggestive	 of	 the	
involvement	of	numerous	microbial	species;	whether	they	are	primary	pathogens	or	secondary	
colonisers	 is	 not	 known.	 Furthermore,	 the	 existence	 of	multiple	 symptoms	 occurring	 on	 the	
same	 ascocarp,	 and	 the	 multiple	 symptoms	 associated	 with	 different	 ascocarps	 receiving	 a	
pure	strain	of	fungal	 inoculum	makes	it	difficult	to	prescribe	symptoms	to	fungal	groups.	The	
exception	 is	possibly	Fusarium	cortaderiae,	which	was	 isolated	 from	100%	of	ascocarps	with	
the	pink	symptom	type,	and	the	mycelium	displayed	a	distinct	pink	pigmentation	in	culture.		
Several	 symptom	 types	 are	 tentatively	 ascribed	 to	 abiotic	 factors	or	defence	 responses.	 The	
black	vein	symptom	is	thought	to	be	evidence	of	a	defence	response	from	the	ascocarp	as	 it	













caused	 by	 boron	 deficiency	 (Marschner	 2008).	 Nutrient	 analysis	 revealed	 no	 obvious	






tissue.	 Aborted	 asci	 were	 often	 observed	 deflated	 along	 the	 edges	 of	 a	 cavity	 formally	
enveloping	the	asci.	Assuming	that	the	cavities	develop	in	response	to	an	expanding	ascus,	this	
may	 indicate	 that	ascus	deflation	occurred	after	 the	ascus	had	developed	 to	 its	 full	 size.	We	
hypothesise	that	this	deflation	of	the	asci	occurs	in	response	to	drought	conditions	resulting	in	
desiccation	 of	 the	 ascocarp	 and	 abortion	 of	 developing	 asci.	 The	 apparent	 localisation	 of	
affected	tissue	to	central	parts	of	the	ascocarp	could	represent	a	drought	event	occurring	early	
in	the	ascocarp	development	cycle	before	it	had	reached	maximum	size.	
The	 corky	 rot	 symptom	was	hypothesised	 to	be	associated	with	T.	crotocinigenum,	 however	
this	 was	 not	 supported	 by	 the	 survey	 results	 in	which	Clonostachys	 rosea,	 F.	 oxysporum,	 F.	
crotidarea	 were	 all	more	 frequently	 recovered	 than	T.	 crotocinigenum.	 Also,	 in	many	 cases,	
multiple	symptom	types	occurred	in	the	same	ascocarp	which	could	represent	a	succession	of	
pathogenic	 species	 over	 time.	 In	 support	 of	 this,	 the	 corky	 symptom	 was	 usually	 observed	





pathway	 through	 which	 the	 pathogens	 move	 through	 the	 gleba.	 The	 localisation	 of	
pigmentation	on	the	edges	of	the	veins	may	represent	an	attempt	by	the	ascocarp	to	prevent	
the	foreign	organism	entering	the	fertile	tissue.		
The	 pathogenicity	 trial	 clearly	 demonstrated	 the	 ability	 of	T.	 crotocinigenum	 to	 cause	 rot	 in	
ascocarps	by	satisfying	 the	 requirements	of	Koch’s	postulates.	Trichothecium	crotocinigenum	














differences	between	years.	Previous	 fungal	 isolations	were	 conducted	 in	2011,	with	 samples	
being	 taken	 in	May,	 June	 and	August.	 Casual	 observation	 suggests	 that	T.	 crotocinigenum	 is	
most	 abundant	 earlier	 in	 the	 year,	 in	 April	 and	 May,	 with	 its	 occurrence	 declining	 as	 the	
weather	cooled	and	ascocarps	bagan	to	mature	(Appendix	V).	This	is	supported	by	results	from	
the	 survey	 in	 which	 T.	 crotocinigenum	 was	 only	 isolated	 during	 the	 early	 season	 sampling	











to	 ascocarp	 exposure,	 it	 is	 likely	 that	 a	 number	 of	 pathogens	 could	 be	 involved,	which	 take	
advantage	 of	 the	 stressed	 ascocarp.	 Given	 the	 dominance	 of	 T.	 crotocinigenum	 in	 isolates	
recovered	 in	 the	 pathogenicity	 trial	 and	 the	 apparent	 synchronicity	 between	 disease	




late	 April	 and	 therefore	 can	 only	 be	 said	 to	 represent	 rot	 agents	 affecting	 ascocarps	 at	 this	
time.	 Furthermore,	 the	 rotten	 ascocarps	 used	 were	 collected	 without	 the	 aid	 of	 dogs,	 by	
identifying	erumpent	ascocarps	and	characteristic	eruptions,	which	indicate	ascocarps	close	to	
the	soil	 surface.	There	may	have	been	a	bias	 towards	shallow	ascocarps	and	consequentially	
towards	 rots	which	 impact	erumpent	ascocarps.	Trichothecium	crotocinigenum	 is	 thought	 to	
be	most	virulent	towards	erumpent	ascocarps	(due	to	the	evidence	that	soil	cover	suppresses	
conidia	 production)	 and	 active	 in	 the	 April-June	 period.	 Therefore	 the	 rotten	 ascocarp	
homogenate	may	be	biased	towards	T.	crotocinigenum	and	not	be	a	true	representation	of	the	
diversity	of	microbial	pathogens	present	at	harvest.	
Trichothecium	 crotocinigenum	 (synonyms.	 Acremonium	 crotocinigenum,	 Cephalosporium	




associated	 with	 fungal	 sporocarps	 (Onions	 &	 Brady	 1987).	 In	 a	 recent	 review	 of	 the	 genus	
Acremonium,	 Summerbell	 et	 al.	 (2011)	 placed	T.	 crotocinigenum	 in	 the	monophyletic	 genus	
Trichothecium,	members	of	which	all	produce	a	range	of	similar	mycotoxins	(trichothecenes	in	
T.	roseum	(Pers.)	Link	and	T.	indicum	(Arx,	Mukerji	&	N.	Singh)	Summerbell,	Seifert,	&	Schroers,	









for	 the	 cultivation	 of	 the	 household	mushroom	 (Agaricus	bisporus	 (J.E.	 Lange)	 Imbach;	 (Van	
Zaayen	&	Gams	1982;	Zare	&	Khabaz	JolfaeI	2005).	However,	van	Zaayen	&	Gams	(1982)	failed	





Scopulariopsis	 brevicaulis	 (Sacc.)	 Bainier	 (Jamali	 &	 Banihashemi	 2012).	 Gong	 et	 al.	 (2001)	
implicated	T.	roseum	as	the	cause	of	rots	in	three	truffles	species	from	China	(Tuber	indicum,	T.	
pseudohimalayense	and	T.	sinense)	and	Trichothecium	crotocinigenum	has	been	isolated	from	
ascocarps	of	Tuber	maculatum	Vittad.	 in	 the	Netherlands	 (CBS	566.84	1984).	This	 is	 the	 first	
report	of	Trichothecium	crotocinigenum	causing	disease	of	Tuber	melanosporum. 
Records	 show	previous	Australian	 isolations	of	T.	 crotocinigenum	 from	Queensland	affecting	
the	 introduced	 weed	 Eichhornia	 crassipes (Mart.)	Solms	 (Australian	 Microbial	 Resources	
information	Network	2016).	To	our	knowledge	this	 is	 the	 first	 record	of	T.	crotocinigenum	 in	
Western	Australia.	 Further	work	 should	 investigate	 the	 origin	 of	T.	 crotocinigenum	 affecting	
Australian	grown	truffles	to	determine	if	this	is	a	native	strain	acting	opportunistically	upon	an	
introduced	species	or	whether	this	species	has	been	introduced	from	truffle	growing	regions	of	
Europe	along	with	the	fungal	 inoculum.	Mycorrhizal	seedlings	are	often	 inoculated	with	 low-
grade	 ascocarps	 that	 can	 be	 subject	 to	 parasitisation.	 This	 presents	 the	 risk	 of	 introducing	






The	 role	 of	 the	 other	 fungal	 species	 recovered	 from	 diseased	 ascocarps	 is	 unknown.	
Furthermore,	 non-fungal	 potential	 causes	 of	 rot,	 such	 as	 bacteria,	 have	 not	 been	 addressed	
here	 and	 should	 be	 considered	 in	 future	 studies.	 The	 species	 recovered	 with	 greatest	
frequency,	 Clonostachys	 rosea	 (teleomorph	 =	 Bionectria	 ochroleuca),	 is	 a	 well-known	
fungicolous	 myco-parasite	 and	 has	 been	 extensively	 investigated	 for	 its	 potential	 as	 a	 bio-
control	 agent	 for	 a	 range	 of	 fungal	 parasites	 including	 Botrytis	 cinerea	 Pers.,	 Fusarium	
oxysporum,	 Fusarium	 solani,	 Gibberella	 zeae	 (Schwein.)	 Petch,	 and	 Sclerotinia	 sclerotiorum 
(Lib.)	de	Bar. (Sutton	et	al.	1997;	Xue	et	al.	2010;	Xue	2003).	Isolates	have	also	been	collected	
from	 larger	 fungal	 sporocarps	 (Barnett	 &	 Lilly	 1962).	 Clonostachys	 rosea	 is	 a	 cosmopolitan	
fungus,	 common	 in	 the	 soil	 environment,	 occurring	 in	 a	wide	 range	 of	 climatic	 regions	 and	
lifestyles	with	a	worldwide	distribution	 (Schroers	et	al.	1999).	 It	has	previously	been	 isolated	
from	 soil	within	 the	burn	 produced	by	 T.	melanosporum	 from	both	 France	 and	 Italy	 (Mosca	
1972;	Mosca	&	Fontana	1977)	 and	has	 recently	been	 isolated	 from	diseased	ascocarps	of	T.	
magnatum	in	Serbia	(Pavić	et	al.	2013).	Although,	bioassays	by	Pavić	et	al.	(2013)	found	that	C.	
rosea	 lacked	 chitolytic	 activity	 and	was	 therefore	 thought	 to	 be	 a	 secondary	 coloniser	 of	 T.	
magnatum.	 In	 retrospect,	 it	 was	 an	 oversight	 not	 to	 include	 this	 species	 in	 further	
investigations	of	pathogenicity. 
The	 diversity	 and	 abundance	 of	 Fusarium	 species	 found	 within	 diseased	 ascocarps	 is	 not	
entirely	surprising.	As	a	genus,	Fusarium	 is	common	in	the	soil	environment,	adopting	a	wide	
range	 of	 lifestyle	 strategies	 including	 saprobe,	 parasite	 of	 plants,	 fungi	 and	 animals.	 In	 the	
truffle	 ground,	 Fusarium	 species	 have	 been	 regularly	 found	 using	 both	 standard	 cultural	
techniques	(Mosca	1972;	Mosca	&	Fontana	1977)	as	well	as	modern	molecular	methods	(Lui	et	
al.	 2013;	 Mello	 et	 al.	 2010;	 Napoli	 et	 al.	 2010).	 Fusarium	 oxysporum	 in	 particular	 is	 often	
reported	 inhabiting	 truffle	 ground	 soils	 and	was	 the	most	 common	 fungus	 identified	 to	 the	
species	level	after	T.	melanosporum	in	Spanish	truffle	grounds	following	soil	DNA	extraction	by	
Lui	et	al. (2013).	Fusarium	species	are	most	commonly	known	for	their	pathogenicity	towards	
plants,	 however	myco-parasitism	has	 been	 reported	 in	 a	 number	of	 isolates	 and	 some	have	
been	 investigated	 for	 use	 as	 bio-control	 agents	 (Leslie	 &	 Summerell	 2006).	 The	 ability	 of	
Fusarium	 species	 to	 parasitise	 ascocarps	 of	T.	melanosporum	 requires	 investigation	 but	 it	 is	
just	as	likely	that	they	are	secondary	colonisers.		
The	 role	 of	 insect	 pests	 and	 cracking	 of	 the	 peridium	 in	 the	 rot	 of	 ascocarps	 is	 difficult	 to	











Truffles	 are	 characterised	 by	 their	 hypogeous	 habit.	 Reports	 from	 the	 literature	 suggest	 the	
average	depth	of	T.	melanosporum	 in	 the	natural	 setting	 is	between	5	and	15	cm	below	the	
surface	of	the	soil	(Delmas	1978;	Giovannetti	et	al.	1994).	The	hypogeous	habit	is	believed	to	
have	evolved	in	response	to	drought	to	protect	the	ascocarps	against	desiccation	(Trappe	et	al.	
2009).	 In	 addition,	 depth	 also	 provides	 protection	 from	 a	 range	 of	 other	 stressors	 such	 as	
insect	predation,	sunburn,	airborne	pathogens,	etc.	Therefore,	it	is	unsurprising	to	see	higher	
rates	 of	 attrition	 in	 erumpent	 ascocarps.	 It	 is	 puzzling	 however,	 as	 to	why	 ascocarps	would	
form	 in	 this	 way.	 It	 raises	 the	 question:	 which	 environmental	 stimuli	 regulate	 the	 depth	 at	
which	ascocarps	form?	Or	indeed,	impede	their	development	at	depth?	
In	many	 fungi,	 sporocarps	are	 formed	on	 the	 surface	of	 their	growing	 substrates	 in	order	 to	
facilitate	 spore	 dispersal.	 This	 implies	 an	 ability	 to	 sense	 the	 surrounding	 environment	 for	
abrupt	changes	associated	with	the	substrate-air	interface.	The	exact	environmental	cues	that	
are	followed	can	vary	in	a	species-specific	manner	but	can	include	gravity,	light,	CO2,	pH,	and	
moisture	 (Pöggeler	et	al.	 2006).	Recent	work	by	Pacioni	et	al.	 (2014)	has	demonstrated	 that	










formation	are	probably	similar	 to	 those	outlined	above	 for	 roots,	although	the	requirements	










susceptibility	 to	 frosts.	 In	Australian	 truffle	plantations,	 soil	 tillage	 is	 rarely	practiced	despite	
being	 widely	 recommended	 in	 Europe	 and	 the	 study	 site	 has	 not	 been	 tilled	 since	
establishment	 in	 1998.	 The	 effect	 of	 soil	 tillage	 on	 the	 depth	 of	 ascocarp	 formation,	 and	
subsequent	rot	development,	deserves	further	investigation.		
Conclusions 
The	 emergence	 of	 diseases	 and	 disorders	 effecting	 ascocarp	 quality	 is	 an	 inevitable	
consequence	of	the	increasing	intensity	of	T.	melanosporum	cultivation	around	the	world.	This	
chapter	 describes	 a	 disease	 syndrome	 effecting	 highly	 productive	 plantations	 in	 Australia,	
primarily	caused	by	shallow	ascocarp	formation.	A	range	of	fungal	species	were	shown	to	be	
associated	with	 diseased	 ascocarps,	 of	which	T.	 crotocinigenum	 demonstrated	pathogenicity	






Chapter 6: Effect of irrigation on ascocarp 
development and rot  
Abstract 
• Irrigation	of	European	truffle	plantations	is	often	done	on	an	ad	hoc	basis	from	grower	
experience	 and	 correlation	 of	 ascocarp	 yields	 with	 regional	 rainfall	 patterns,	 and	 as	
such	may	be	of	limited	value	to	Australian	growers.	
• In	Australia,	 growers	 typically	 apply	more	water	 than	 is	 recommended	 for	 European	
truffle	 plantations.	 While	 high	 yields	 have	 been	 achieved,	 a	 number	 of	 plantations	
suffer	from	high	losses	due	to	truffle	rot	(Chapter	5).	
• This	 chapter	 investigates	 the	 water	 requirements	 for	 truffle	 cultivation	 in	 Australia	
with	a	focus	on	ascocarp	quality.	
• The	main	 experiment	 compared	 the	 effects	 of	 five	 irrigation	 rates	 (0,	 9,	 37,	 50	 and	
100%	of	evapotranspiration	 replacement)	and	 irrigation	 intervals	 (weekly	or	monthly	
application)	in	a	split	plot	design	over	two	years.	A	second	experiment	applied	drought	
periods	 of	 6	 or	 12	weeks	 at	 different	 times	 of	 the	 ascocarp	 development	 cycle.	 The	
number,	size,	depth	and	condition	of	ascocarps	were	recorded	to	assess	the	treatment	
effects.	
• Reducing	 the	 amount	 of	 water	 applied	 from	 100	 to	 50%	 of	 ETC replacement,	 and	
increasing	the	irrigation	interval	from	weekly	to	monthly,	had	no	effect	on	the	number	




• These	results	demonstrate	 that	ascocarps	are	sensitive	 to	excess	soil	moisture	which	




Tuber	 melanosporum	 occurs	 naturally	 in	 many	 areas	 across	 southern	 Europe	 (Chapter	 2).	
These	areas	are	characterised	by	hot,	dry	summers,	which	coincide	with	the	period	of	ascocarp	
primordia	 initiation.	 Since	 antiquity	 it	 has	 been	 recognised	 that	 intermittent	 rainfall	 events	
during	this	summer	period	are	highly	correlated	to	subsequent	ascocarp	yields	(Delmas	1978).	




changing	 rainfall	 patterns	within	 Europe	 is	 resulting	 in	 an	 increased	 reliance	 on	 irrigation	 to	
ensure	reliable	annual	harvests.	
Irrigation	 practices	 have	 largely	 been	 established	 on	 an	 ad	 hoc	 basis	 and	 European	
recommendations	 range	 widely.	 They	 are	 largely	 derived	 from	 grower	 experience	 and	
correlations	made	between	regional	rainfall	data	and	winter	harvest	figures.	Therefore,	these	
recommendations	may	be	of	limited	value	to	growers	in	areas	outside	of	Europe.	For	example,	
Delmas	 (1978)	 recommends	 a	 rate	 of	 50	mm	 per	month	 applied	 at	 10	 to	 15	 day	 intervals.	
Callot	(1999)	recommends	30	mm	every	15	to	20	days,	and	Grente	&	Delmas	(1974)	propose	
35	 to	 40	mm	 applied	monthly.	 Chevalier	&	 Sourzat	 (2012)	 recommend	 a	 rate	 of	 20	mm	be	
applied	at	15-20	day	intervals	in	July	and	September,	increasing	the	frequency	to	10-12	days	in	










effect	 of	 water	 on	 mycorrhizal	 colonisation	 levels	 in	 pot	 trials,	 as	 well	 as	 in	 the	 early	
establishment	phase.	In	Spain,	Bonet	et	al.	(2006)	and	Olivera	et	al.	(2011)	studied	the	effect	of	
irrigation	on	root	colonisation	of	Quercus	ilex	with	T.	melanosporum	at	18	months,	and	4	years	
after	 out-planting.	 Irrigation	was	 applied	 in	 two	doses	 at	 a	 rate	of	 either	 50	or	 100%	of	 the	
estimated	water	deficit	accumulated	during	the	hottest	month	of	summer.	After	18	months	it	
was	 found	 that	 replacing	 100%	 of	 Thornwaite	 &	 Mather	 evapotranspiration,	 reduced	 T.	
melanosporum	colonisation	and	the	proportion	of	root	tips	m-1	of	root	growth	when	compared	
to	the	50%	treatment	and	un-irrigated	control.	After	4	years,	T.	melanosporum	colonisation	of	
the	 100%	 treatment	 was	 similar	 to	 the	 control,	 but	 significantly	 less	 than	 that	 of	 the	 50%	
treatment.	 Studies	 in	 pot	 trials	 have	 shown	 that	 mycorrhizal	 formation	 between	 T.	
melanosporum	 and	 Corylus	 avellana	 was	 inhibited	 under	 saturated	 soil	 conditions,	 whereas	
competitor	mycorrhizae	proliferated	(Mamoun	&	Olivier	1990).		





mature	Quercus	 lanuginosa	 plantation	 in	 southern	France.	 They	 suggested	 the	 top	10	 cm	of	
soil	be	maintained	above	 -310	kPa.	Fischer	&	Colinas	 (2013)	studied	 irrigation	 frequencies	of	
every	 2,	 3,	 5	 weeks	 and	 non-irrigated	 plots.	 They	 found	 that	 the	 greatest	 production	 came	
from	the	fortnightly-irrigated	plots.	Analysis	of	the	soil	moisture	potential	from	the	plots	was	
thought	 to	 indicate	 that	 periods	 of	 water	 deficit	 (<-500	 and	 <-1000	 kPa)	 for	 2-3	 weeks	
stimulated	 ascocarp	 productivity,	 however	 thorough	 statistical	 analysis	 was	 not	 presented.	
Büntgen	et	al.	(2015)	studied	correlations	between	ascocarp	production	with	seasonal	weather	
patterns,	and	dendrochronological	attributes	of	the	host	Q.	ilex	trees	under	different	levels	of	
irrigation	 in	a	600	ha	Spanish	 truffle	plantation.	Only	poor	 correlations	were	 found	between	
climate	variables	and	ascocarp	production	within	the	study	site.	However,	summer	rainfall	and	
spring	 temperatures	 were	 positively	 correlated	 with	 national	 Spanish	 truffle	 harvest	 data,	
which	 was	 in	 turn	 correlated	 to	 tree	 ring	 width	 and	 vessel	 count	 measurements	 of	 non-
irrigated	 trees	 at	 the	 site.	 This	 indicates	 that	 years	 of	 high	 ascocarp	 production	 were	
associated	with	an	extended	growing	season	in	the	Central	Iberian	Peninsula	where	cold	spring	
temperatures	and	dry	summers	often	limit	tree	productivity.	
In	addition	 to	 this,	 the	 inappropriate	application	of	water	 is	 frequently	 implicated	 in	disease	
and	 quality	 issues	 in	 many	 crops,	 and	 can	 lead	 to	 the	 waste	 of	 this	 increasingly	 valuable	
resource.	With	the	growing	prevalence	of	commercial	truffle	orchards	in	countries	outside	the	





























































































A	 randomized	 complete	 block	 design	 was	 used,	 with	 blocks	 situated	 in	 areas	 of	 roughly	




The	 ascocarp	 production	 from	 each	 tree	 and	 the	 quality	 of	 each	 ascocarp	 was	 assessed	 at	
harvest	 as	 described	 in	 Chapter	 3.	 The	mean	 value	 from	 each	 plot	was	 used	 for	 analysis	 of	
variance.	




5th	 February	 2010)	 or	 the	 development	 phase	 (1st	 February	 2010	 onwards);	 these	 were	









In	 this	 experiment	 the	 irrigation	 season	 was	 divided	 into	 three,	 six	 week	 blocks.	 Seven	









Table	6.2:	 Timing	 of	 drought	 treatments.	 Each	 cell	 represents	 a	 fortnightly	 irrigation	 cycle.	
Open	cells	=	unirrigated	fortnight;	Closed	cells	=	irrigated	fortnight..	
Treatment	code	 Month	 	
	 December	 January	 February	 March	 April	
	 Period	1	 Period	2	 Period	3	
DRT2&3*	 	 	 	 	 	 	 	 	 	
DRT1&3	 	 	 	 	 	 	 	 	 	
DRT1&2	 	 	 	 	 	 	 	 	 	
DRT1	 	 	 	 	 	 	 	 	 	
DRT2	 	 	 	 	 	 	 	 	 	
DRT3	 	 	 	 	 	 	 	 	 	
Control	 	 	 	 	 	 	 	 	 	
* DRT	=	drought;	numerals	1,	2,	3	=	period	
The	 experiment	 was	 arranged	 in	 a	 completely	 randomized	 design	 with	 6	 replicates.	 Each	
experimental	 unit	 consisted	 of	 six	 trees	 (at	 least	 four	 of	 which	 produced	 ascocarps	 the	
previous	winter).	Each	plot	was	surrounded	by	a	two	tree	buffer	zone	(Figure	6.1).	
	




Ascocarp	 production,	 ascocarp	 quality	 and	 ascocarp	 depth	 were	 recorded	 for	 each	 tree	 as	
described	in	Chapter	3.	The	effect	of	drought	treatment	on	ascocarp	production	(ascocarps	m-
2)	was	analysed	by	ANOVA.	Data	were	square-root	transformed	before	the	analysis	in	order	to	
correct	 heteroscedasticity.	 The	 relationship	 between	 drought	 treatment,	 the	 proportion	 of	
rotten	 ascocarps	 and	 the	 depth	 of	 ascocarps	 was	 assessed	 through	 hierarchical	 log-linear	
modelling	(SPSS	17.0	for	Windows©,	SPSS	Inc.	2008).	Data	from	different	replicate	plots	were	
grouped	together	 for	the	purposes	of	the	analysis.	The	four	depth	categories	were	collapsed	
into	 two;	 erumpent	 or	 hypogeous.	 Significant	 effects	 found	 by	 the	 log-linear	 analysis	 were	









treatments	were	arranged	 in	a	 split-plot	design,	with	 irrigation	 interval	 in	 the	main	plot	and	
irrigation	 rate	 randomised	 within	 sub-plots	 (Figure	 6.2).	 Irrigation	 rate	 was	 calculated	 as	 a	
percentage	of	tree	water	use	(ETc)	as	described	in	Chapter	3.	The	experiment	was	established	

























Soil physical properties 
The	 experimental	 plot	 was	 positioned	 within	 a	 slope	 so	 that	 one	 experimental	 block	 was	
situated	 in	 each	 of	 the	 crest,	 upper-slope,	 and	 mid-slope	 positions,	 and	 three	 blocks	 were	
placed	in	the	 lower-slope.	One	soil	pit	was	dug	to	a	depth	of	0.5	m	in	each	of	the	four	slope	
positions.	 Contiguous	 soil	 horizons	 were	 identified	 by	 changes	 in	 colour,	 density	 and	 field	
texture	 (National	 Committee	 on	 Soil	 and	 Terrain.	 Australia	 2009).	 Duplicate	 soil	 cores	 were	










Soil moisture monitoring 
In	 the	 second	 season	 (2011/2012),	 soil	moisture	 levels	 were	monitored	 on	 a	monthly	 basis	
from	 December	 (before	 irrigation	 started)	 till	 April.	 Sampling	 was	 done	 just	 before	 the	
application	of	irrigation	on	the	monthly	irrigation	cycle	to	capture	the	soil’s	driest	point	of	each	




In	 addition,	 Theta	 probes	 (Delta-T	 Devices	 Ltd.)	 were	 installed	 in	 the	 weekly	 and	 monthly	
100%/100%	and	50%/50%	treatments	 in	one	block	 for	 the	2011/2012	 irrigation	season.	One	
probe	was	installed	at	5	cm	depth	and	a	second	at	40	cm.	Probes	were	installed	under	one	of	






Table	6.3:	 Treatments	 applied	 to	 the	 experimental	 plots	 in	 the	 2010/2011	 and	 2011/2012	
seasons.	
	 2010/2011	 2011/2012	 Notation	






















Pre-dawn water potential 
Pre-dawn	 water	 potential	 (ψpd)	 of	 the	 host	 tree	 was	 measured	 on	 a	 monthly	 basis	 from	
December	until	March	 (2011-2012),	within	24	hours	of	 soil	moisture	 sampling.	 The	pressure	




was	 selected	 from	 the	 central	 lower	 third	 of	 the	 canopy	 of	 each	 tree,	 avoiding	 leaves	 from	
branches	with	a	diameter	<1	cm.	Leaves	were	removed	with	a	double-edged	razor	blade	and	
assessed	 immediately,	 following	 the	 recommendations	 of	 Turner	 &	 Long	 (1980).	 The	 three	
readings	were	then	averaged	and	the	mean	value	used	for	further	analysis.	
Root sampling and analysis 
Root	in-growth	cores	were	installed	to	determine	the	effect	of	the	experimental	treatments	on	
root	 growth	 and	mycorrhizal	 colonisation.	 Cores	 were	 established	 by	 removing	 a	 cylindrical	
core	of	soil	8	cm	in	diameter	and	20	cm	deep	at	a	distance	of	1.5	m	from	the	base	the	tree,	at	
90	degrees	to	the	tree	row.	Five	cores	were	removed	at	random	from	the	central	row	of	each	
experimental	 plot.	 The	 soil	 from	common	blocks	was	 combined	and	 sieved,	 removing	 roots,	
and	the	coarse	fraction	>4	mm	in	diameter.	Moisture	content	was	assessed	and	the	soil	was	
divided	 into	 portions	 by	 weight	 to	 give	 a	 final	 bulk	 density	 of	 1.05	 g	 cm-3.	 A	 plastic	 mesh	





cut	 in	 half,	 separating	 the	 top	 0	 -	 10	 cm	 from	 the	 10	 -	 20	 cm	 portion,	 which	were	 bagged	
separately	and	immediately	transported	back	to	the	laboratory.	Cores	were	stored	at	4	°C	for	
up	to	7	days	before	separating	the	roots	from	the	soil	through	wet	sieving.	Root	samples	were	
then	dried	with	 a	 paper	 towel	 and	weighed.	A	 sub-sample	was	 then	 removed,	weighed	and	
stored	in	50%	ethanol	at	4	°C	awaiting	assessment	of	mycorrhizal	colonisation.	The	remaining	
sample	was	oven	dried	at	70	°C	for	48	hours	for	the	determination	of	dry	mass.		






Mycorrhizal	 colonisation	 was	 assessed	 under	 the	 dissecting	 microscope	 (as	 described	 in	
Chapter	4).	However,	Tuber	 colonisation	 rates	were	consistently	below	3%	of	 root	 tips	 (data	
not	presented),	therefore	further	analysis	was	not	conducted.		
Statistical analysis 
Ascocarp	 production	 data	 from	 each	 experimental	 plot	 were	 combined	 for	 analysis	 of	 the	
average	 yield	 (ascocarps	 m-2)	 and	 the	 proportion	 of	 trees	 producing	 ascocarps	 (for	 data	
collection	method	see	Chapter	3).	Data	from	truffle	seasons	in	2011	and	2012	were	compared	
through	 repeat	measures	ANOVA	 (STATISTICA	8,	StatSoft	 Inc.	2007).	Data	 from	2010	 (before	
the	 experiment	 was	 established)	 were	 included	 in	 the	 analysis	 of	 the	 proportion	 of	 trees	
producing	ascocarps.	Data	transformations	were	performed	as	necessary.	
In	2012,	an	 incomplete	data	set	was	collected	from	two	blocks	as	a	result	of	conflicting	farm	
management	 priorities.	 Therefore,	 these	 two	 blocks	were	 removed	 from	 the	 analysis	 of	 the	
2011	and	2012	ascocarp	production	results.		
The	 relationship	 between	 irrigation	 treatments,	 ascocarp	 quality,	 and	 ascocarp	 depth	 and	
between	 irrigation	 treatments	 and	 ascocarp	 size	 were	 analysed	 using	 hierarchical	 log-linear	
analysis	in	SPSS	(SPSS	17.0	for	Windows©,	SPSS	Inc.	2008).	Analysis	was	done	using	the	process	
of	backwards	elimination.	Starting	 from	a	 saturated	model	 containing	all	 terms,	 those	which	





categories.	 Included	 in	 the	 final	 analysis	 were:	 RATE	 [0%/50%,	 50%/50%,	 100%/100%,	





Data	 were	 analysed	 using	 Log-linear	 modelling	 of	 four	 factors;	 irrigation	 interval,	 irrigation	
rate,	ascocarp	depth	[erumpent,	hypogeous],	and	cracking	[present,	absent].	
Interpretation	of	the	interactions	observed	through	log-linear	modelling	was	done	by	splitting	







Preliminary experiment i  
Irrigation	treatments	showed	no	statistically	significant	effect	on	ascocarp	yield	(ascocarps	m-2)	
according	 to	 the	 analysis	 of	 variance	 (Figure	 6.3).	 A	mean	 reduction	 in	 yield	was	 associated	
with	 the	 fortnightly	 irrigation	 treatment	 that	 produced	 0.07	 ascocarps	m-2	 down	 from	 0.11	
ascocarps	 m-2	 in	 the	 bi-weekly	 treatment.	 However,	 there	 was	 a	 high	 degree	 of	 variability	
between	experimental	units.	
	
Figure	6.3:	 The	effect	of	three	different	 irrigation	frequencies	on	ascocarp	production	 in	2010	
(n	=	3	±	SE).	Analysis	of	variance	showed	no	difference	between	treatments	(F(2,4)	=	
1.150,	P	=	0.403).	









Preliminary experiment i i  
Results	 indicate	 that	 drought	 may	 have	 an	 influence	 on	 the	 proportion	 of	 ascocarps	 going	




















mechanism	 of	 the	 effect.	 For	 example,	 it	 was	 not	 possible	 to	 tell	 if	 the	 effect	 was	 due	 to	
differences	 in	 the	period	of	drought	 in	 relation	 to	 the	ascocarp	development	cycle,	 the	 total	
volume	 of	 water	 supplied	 or	 soil	 moisture	 and	 aeration,	 or	 other	 factors.	 Therefore,	 more	
detailed	 experiments	 were	 designed	 to	 answer	 some	 of	 these	 questions	 and	 are	 described	
below.	
Main experiment 1 






	 	 Drought	period	 	







Rainfall	(mm)	 49.2	 75.4	 40.4	
ETO  	 324.9	 290.3	 255.7	
Ascocarp productivity 















all	 2-way	 interaction	 (6d.f.	 χ2	 =	 11.756,	 P=0.068).	 The	 proportion	 of	 ascocarps	 showing	












χ2	 =	 34.904,	 P	 <0.001).	 The	 DRT1&2	 and	 DRT1	 treatments	 produced	 13.3	 and	 10.9%	 of	
ascocarps	 at	 the	 soil	 surface,	 which	 was	 significantly	 greater	 than	 the	 5.5%	 in	 the	 control	
(Figure	 6.9).	 DRT2&3	 produced	 13.1%	 of	 ascocarps	 at	 the	 soil	 surface	 but	 this	 was	 not	
statistically	different	from	the	control	because	of	the	lower	level	of	production	overall	(n	=	114	















Main Experiment 2 
Applied water 
The	total	water	application	rate	to	the	100%	ETC treatment	was	362	mm	in	2010/2011	and	357	
mm	 in	 2011/2012.	 The	 input	 of	 rainfall	 was	 minimal	 over	 the	 irrigation	 period,	 with	 the	
exception	of	January	2011	which	received	84	mm	(Figure	6.10).	 In	2011/12,	no	rainfall	event	
exceeded	5	mm	from	December	until	early	April.		
Soil physical properties 
Soil	physical	properties	 for	 the	 trial	 area	are	presented	 in	Table	6.5.	 Soils	 in	 the	 lower-slope	




cm-3	 in	 the	 lower-slope	 to	 1.05	 g	 cm-3	 on	 the	 mid-slope	 increasing	 marginally	 with	 depth,	








Soil moisture content 
Patterns	of	soil	moisture	were	reasonably	similar	between	the	treatments	receiving	37%	and	
50%	 ETC replacement	 (Figure	 6.11).	 Soil	 moisture	 content	 decreased	 from	 December	 to	
January	then	remained	fairly	consistent	during	January,	February	and	March,	and	rose	again	in	










January,	 when	 irrigation	 was	 supplied	 monthly	 at	 50%	 of	 ETc,	 water	 penetrated	 to	 40	 cm.	
Moisture	at	40	cm	declined	for	ca.	three	weeks	following	irrigation	before	reaching	a	plateau,	
indicating	 the	 exhaustion	 of	 plant	 available	 moisture.	 Gravimetric	 values	 confirmed	 that	
moisture	levels	at	20	-	50	cm	were	roughly	at	wilting	point	at	the	end	of	the	cycle.	The	5	cm	
probe	also	 showed	a	 steady	decline	 in	moisture	 content	during	 January,	 though	 the	plateau	
value	was	much	lower,	below	15%	and	was	similar	to	the	gravimetric	values.	This	is	well	below	
the	calculated	wilting	pointfor	these	soils.	
When	 100%	 of	 ETC was	 applied	 monthly,	 soil	 moisture	 content	 at	 the	 end	 of	 the	 January	
irrigation	 cycle	 was	 down	 at	 the	 wilting	 point,	 similar	 to	 the	 50%	 treatments.	 However,	
moisture	 levels	 increased	 slightly	 in	 the	 February	 and	 March	 readings	 and	 again	 greatly	
increased	in	April.	When	100%	of	ETC was	replaced	weekly,	all	gravimetric	readings	were	above	





















































































































































































































































































































































































































































































































































































































































































































































































Host water relations 





until	 March,	 ψpd	 was	 consistently	 lower	 (between	 0.054	 and	 0.065	 MPa)	 in	 the	 monthly	
irrigation	 treatments	 compared	 with	 the	 weekly	 treatments.	 Treatments	 receiving	 50%	 and	
37%	 of	 ETC replacement,	 showed	 very	 similar	 ψpd	 values	 in	 every	 month	 and	 these	 values	
became	increasingly	negative	throughout	the	season	reaching	-0.33	MPa	by	the	end	of	March.	














	 	 Total	root	mass	 	 Proportion	of	roots	in	
top	10	cm	
	 d.f.	 F	 P	 	 F	 P	
Interval	 1	 0.527	 0.473	 	 .633	 .433	
Rate	 3	 4.138	 0.014	 	 .224	 .879	


















Analysis	 of	 variance	of	 the	 ascocarps	m-2	 showed	 a	 significant	 interaction	between	 year	 and	
irrigation	rate	(Table	6.7).	In	2011,	the	drip	(9%)	and	0%	ETC 	treatments	had	significantly	lower	
ascocarp	yields	 than	 the	higher	 irrigation	 treatments	 (50%	and	100%,	 Figure	6.16).	Ascocarp	





treatments	 produced	 similarly.	 The	 0%/50%	 treatment	 was	 the	 exception,	 producing	 0.77	
ascocarps	m-2,	which	was	significantly	more	than	the	9%/37%	and	50%/50%	treatments	(which	
produced	0.66	and	0.64	ascocarps	m-2	respectively).	
Table	6.7:	 Results	 from	the	repeat	measures	ANOVA	on	the	effect	of	 irrigation	treatment	on	




4	 ±	 SE). Different	 letters	 indicate	 significant	 differences	 between	 treatments	
according	to	Fischer’s	LSD	test.	
Producing trees 
The	proportion	of	 trees	producing	ascocarps	 increased	steadily	each	year	over	 the	course	of	
the	experiment	from	ca.	50%	in	2010	to	80%	in	2012	(Figure	6.17).	Monthly	 irrigation	gave	a	
marginal	increase	over	the	weekly	irrigated	plots	in	2011	which	became	statistically	significant	
in	 2012,	 with	 monthly	 irrigation	 giving	 86.1%	 of	 trees	 producing	 ascocarps	 compared	 with	
79.5%	in	the	weekly	irrigated	plots	(Table	6.8).	
	 d.f.	 F	 P	
Interval	 1	 0.017	 0.899	
Rate	 3	 8.791	 0.001	
Interval	x	Rate	 3	 0.489	 0.694	
Year	 1	 75.451	 0.000	
Year	x	Interval	 1	 0.150	 0.703	
Year	x	Rate	 3	 20.706	 0.000	






plots	 between	 2010	 and	 2012	 (n	 =	 16	 ±	 SE).	 All	 plots	 received	 similar	 irrigation	
regimes	 in	 2010.	 Similar	 letters	 indicate	 no	 significant	 difference	 between	 groups	
according	to	Fischer’s	LSD	test.	
Table	6.8:	 Results	 from	 the	 ANOVA	 on	 the	 effect	 of	 irrigation	 treatment	 on	 the	 number	 of	
ascocarp	producing	trees	per	plot	(sin-1[√	%	trees	producing	ascocarps])	 in	2010	to	
2012.	Figures	in	bold	indicate	statistically	significant	effects	(P	<0.05).	
	 d.f.	 F	 P	
Interval	 1	 0.687	 .418	
Rate	 3	 1.48	 0.253	
Interval	x	Rate	 3	 0.146	 0.931	
Year	 2	 161.975	 0.000	
Year	x	Interval	 2	 4.465	 0.018	
Year	x	Rate	 6	 10.805	 0.000	
Year	x	Interval	x	Rate	 6	 0.622	 0.711	
	In	 2011,	 irrigation	 at	 the	 higher	 rates	 (100%	 and	 50%	 of	 ETC)	 gave	 a	 statistically	 significant	
increase	 in	 the	 proportion	 of	 trees	 producing	 ascocarps	 compared	with	 the	 lower	 irrigation	
treatments	 (0%	and	 9%;	 Figure	 6.18).	Withholding	 irrigation	 in	 2011	 (0%	ETC)	 resulted	 in	 no	
increase	in	the	number	of	trees	producing	over	the	2010	level,	whereas	the	small	amount	of	
water	supplied	in	the	9%	ETC	treatment	resulted	in	a	small	but	significant	increase.	In	2012,	all	
treatments	 showed	 similar	 levels	 of	 trees	 producing	 ascocarps,	 indicating	 that	 there	was	 no	
prolonged	 negative	 effect	 of	 drought	 treatments	 beyond	 the	 year	 it	 was	 applied.	 The	 best	
treatment	 appeared	 to	 be	 the	 50%/50%	 treatment	 which	 showed	 a	 steady	 increase	 in	 the	








Similar	 letters	 indicate	 no	 significant	 difference	 between	 groups	 according	 to	
Fischer’s	LSD	test.	Standard	errors	are	presented	in	Apppendix	II.	
Ascocarp production per producing tree 
Results	from	the	repeat	measures	ANOVA	on	the	effect	of	irrigation	treatment	on	the	ascocarp	
production	per	producing	 tree	showed	that	 there	was	a	 significant	 interaction	between	year	
and	 rate	 (Table	 6.9).	 Post-hoc	 analysis	 (Figure	 6.19)	 showed	 that	 the	 low	 irrigation	 rates	
applied	 in	 2011,	 (0%	 ETC 	 and	 drip	 treatments,)	 resulted	 in	 a	 significant	 reduction	 in	 the	
ascocarp	 production	 per	 producing	 tree,	 (3.6	 and	 3.1,	 respectively,	 compared	 with	 8.6	
ascocarps	 tree-1	 for	 both	 the	50%	and	100%	 treatments).	 In	 2012	 all	 treatments	 produced	 a	
similar	 yield	 per	 tree	 with	 the	 exception	 of	 0%/50%	 which	 was	 significantly	 higher	 than	
50%/50%	 (10.1	 and	 7.2	 ascocarps	 tree-1	 respectively).	 However,	 data	 to	 be	 presented	 later	
showed	 that	 this	 treatment	 was	 also	 associated	 with	 a	 significant	 decrease	 in	 the	 size	 of	
ascocarps.	As	such,	this	result	probably	does	not	indicate	an	increase	in	total	ascocarp	yield.		
Table	6.9:	 Results	 from	 the	 ANOVA	 of	 the	 effect	 of	 irrigation	 treatment	 on	 ascocarp	
production	per	producing	tree	(4√	ascocarps	tree-1)	in	2010	to	2012.	Figures	in	bold	
show	statistically	significant	effects	(P	<0.05).	
	 d.f.	 F	 P	
Interval	 1	 0.023	 .337	
Rate	 3	 7.006	 0.002	
Interval	x	Rate	 3	 0.212	 0.886	
Year	 1	 62.041	 0.000	
Year	x	Interval	 1	 0.124	 0.728	
Year	x	Rate	 3	 19.020	 0.000	






and	 2012	 (n	 =	 4	 ±	 SE).	 Similar	 letters	 indicate	 no	 significant	 difference	 between	
groups	according	to	Fischer’s	LSD	test.	
 Ascocarp quality 
2011 
The	 log-linear	 model	 which	 best	 fitted	 the	 observed	 data	 retained	 four	 significant	 effects	
(10d.f.	χ2	=	8.893,	P	=	0.541);	one	three-way	interaction	between	irrigation	interval,	 irrigation	







treatment	 also	 resulted	 in	 a	 higher	 level	 of	 rotten	 ascocarps	 (34%),	 but	 this	 was	 only	
significantly	greater	that	the	weekly	50%	treatment	(25%	rotten).	
The	 proportion	 of	 ascocarps	 exposed	 at	 the	 soil	 surface	 was	 greatest	 in	 the	 100%	 ETC 	
treatment	 (10.6%)	 and	 was	 significantly	 higher	 than	 the	 50%	 ETC 	 treatment	 (8.2%,	 Figure	
6.22A).	 The	 results	 of	 the	 0%	 and	 9%	 treatments	 were	 similar	 to	 all	 other	 treatments.	 The	
proportion	 of	 ascocarps	 forming	 at	 the	 surface	was	 reduced	when	 irrigation	was	 applied	 at	
monthly	 intervals	 compared	with	weekly	 irrigation	 (7.8%	 compared	with	10.5%	 respectively,	



























treatments	 receiving	weekly	 irrigation	 as	well	 as	monthly	 treatments	 receiving	 0%	 and	 drip	
rate	treatments,	produced	similar	proportions	of	the	three	different	ascocarp	size	classes	(68	-	
75%,	 23	 -	 28%,	 2	 -	 5%	 for	 small,	 medium,	 and	 large	 ascocarps,	 respectively).	 Small	 sized	
ascocarps	accounted	for	62%	of	the	harvest	in	the	monthly	treatment	at	100%	ETC .	This	was	
significantly	lower	than	the	monthly	drip	irrigated	treatment	(resulting	in	75%	small)	as	well	as	
the	weekly	 treatments	 receiving	 50%	 and	 100%	 ETC 	 (both	 69%	 small).	 This	 decrease	 in	 the	
proportion	of	small	ascocarps	was	reflected	by	an	 increase	 in	the	proportion	of	medium	size	
ascocarps.	 The	monthly	100%	ETC treatment	produced	34%	of	ascocarps	 in	 the	medium	size	
category,	 a	 significantly	 greater	 proportion	 than	 the	 monthly	 drip	 treatment	 (23%),	 the	
monthly	 0%	 treatment	 (24%)	 and	 the	 weekly	 50%	 and	 100%	 ETC treatments	 (28	 and	 27%	
respectively).		
Table	6.10:	 The	number	of	ascocarps	found	from	each	size	category	from	the	different	irrigation	
interval	 and	 irrigation	 rate	 treatments	 in	 2011	 (n	 =	 7862).	 The	 number	 in	 square	
brackets	 shows	 the	 proportion	 of	 ascocarps	 in	 each	 size	 range,	 within	 each	
treatment	 combination.	 Values	 in	 the	 same	 column	 with	 different	 letters	 differ	
significantly*.	Figure	3.1	shows	the	range	of	masses	associated	with	each	size	class.	
		 		 Size	
Interval	 Rate	 Small	 Medium	 Large	
Weekly	 0%	 293	 [0.68]	 abc	 120	 [0.28]	 abc	 20	 [0.05]	 	
50%	 1213	 [0.69]	 ac	 492	 [0.28]	 ac	 65	 [0.04]	 	
100%	 1051	 [0.69]	 ac	 404	 [0.27]	 ac	 62	 [0.04]	 	
9%	 306	 [0.70]	 abc	 116	 [0.27]	 abc	 14	 [0.03]	 	
Monthly	 0%	 304	 [0.71]	 abc	 105	 [0.24]	 ac	 21	 [0.05]	 	
50%	 888	 [0.65]	 bc	 414	 [0.30]	 abc	 57	 [0.04]	 	
100%	 900	 [0.62]	 b	 492	 [0.34]	 b	 62	 [0.04]	 	
9%	 348	 [0.75]	 a	 107	 [0.23]	 a	 8	 [0.02]	 	
• P-value	adjusted	using	Bonferroni	correction	for	multiple	comparisons	(α	=	0.05,	P	=	
0.0018)	
Ascocarp cracking  
During	 the	 3rd	 to	 the	 6th	 of	 July	 2011,	 696	 ascocarps	were	 collected	 from	 the	 experimental	
plots	 for	analysis.	Log-linear	modelling	retained	all	2-way	 interactions	 (13d.f.	χ2	=	22.586,	P	=	
0.047;	Table	6.11).	The	relationship	between	irrigation	treatment	and	ascocarp	depth	showed	
a	similar	pattern	to	that	observed	in	the	complete	analysis	shown	in	Figure	6.22,	with	higher	
frequency	of	 erumpent	 ascocarp	 associated	with	100%	ETC and	weekly	 irrigation	 treatments	
(Figure	 6.23).	 Cracking	 of	 the	 peridium	 was	 more	 common	 in	 the	 50%	 and	 100%	 ETC 
treatments,	 although	 only	 the	 100%	 treatment	 was	 statistically	 different	 from	 the	 9%	 ETc.	





increase	 in	 the	occurrence	of	 cracking	compared	with	weekly	 irrigation	 (50%	compared	with	




Model	terms	 d.f.	 Pearsons	chi-square	 P-value	
Rate	x	crack	 3	 10.40	 0.015	
Interval	x	crack	 1	 16.98	 <0.001	
Depth	x	crack	 1	 21.57	 <0.001	
Rate	x	depth	 3	 15.55	 0.001	









The	 relationship	between	 irrigation	 rate	and	A)	ascocarp	cracking	B)	ascocarp	depth	and	 the	














6.25	 (3d.f.	 χ2	 =	 11.687,	P	=	 0.009).	Weekly	 irrigation	 and	 100%	of	 ETC produced	 significantly	
more	 ascocarp	 at	 the	 soil	 surface	 than	 any	 of	 the	 other	 treatments	 (22.7%	 surface	 forming	
compared	with	15.7%	 in	 the	next	highest	 treatment,	weekly	50%/50%).	All	other	 treatments	












monthly,	 the	proportion	of	 ascocarps	going	 rotten	decreased	with	ascocarp	depth,	16.2%	of	
erumpent	 ascocarps	 developing	 rot	 compared	 with	 11.8%	 (Figure	 6.26)	 of	 hypogeous	




Figure	6.26:	The	 proportion	 of	 rotten	 ascocarps	 collected	 from	 plots	 receiving	 irrigation	 at	
different	 intervals	 in	 2012	 (n	 =	 11,717).	 Data	 are	 divided	 into	 those	 which	 were	
found	 at	 the	 soil	 surface	 and	 those	 found	 below.	 Different	 letters	 indicate	
significant	differences	after	pairwise	comparison	(P-value	was	adjusted	for	multiple	
comparisons	using	Bonferroni	correction;	α	=	0.05,	P	=	0.0083).	
Irrigation	 at	 100%	ETC resulted	 in	 a	 significant	 increase	 in	 the	proportion	of	 ascocarps	 going	
rotten	 (3d.f.	 χ2	 =	 84.426,	 P	 <0.001).	 In	 treatments	 receiving	 100%	 ETc,	 18.8%	 of	 ascocarps	




irrigation	 in	 2012	 (n	 =	 11,717).	 Different	 letters	 indicate	 significant	 different	






The	 effect	 of	 irrigation	 treatment	 on	 ascocarp	 size	 in	 2012	 is	 given	 in	 Table	 6.12.	 Again	 the	
saturated	model	was	significant	(6d.f.	χ2	=	18.504,	P	=	0.005).	There	was	a	significant	increase	
in	 the	 proportion	 of	 small	 sized	 ascocarps	 in	 the	 weekly	 irrigated	 9%/37%	 (76%	 small)	




large	 ascocarps	 at	 1.2%,	 which	 was	 significantly	 less	 than	 the	 weekly	 50%/50%	 and	 the	
monthly	50%/50%	and	100%/100%	treatments.	The	treatments	with	the	highest	proportion	of	
large	 ascocarps	 was	 the	 monthly	 irrigated	 100%/100%	 treatment	 with	 a	 result	 of	 4.3%,	
significantly	more	than	the	monthly	0%/50%	(2.0%	large)	and	weekly	9%/37%	treatments.	
Table	6.12:	 The	number	of	ascocarps	found	from	each	size	category	from	the	different	irrigation	
interval	and	 irrigation	rate	treatments	 in	2012	(n	=	11,710).	The	number	 in	square	
brackets	 shows	 the	 proportion	 of	 ascocarps	 in	 each	 size	 range,	 within	 each	
treatment	 combination.	 Values	 in	 the	 same	 column	 with	 different	 letters	 differ	
significantly*.	
    Ascocarp size	
Interval Rate Small Medium Large 
Weekly 0%/50% 1325 [0.77] a	 361 [0.21] a	 42 [0.02] abc	
50%/50% 904 [0.66] b	 427 [0.31] b	 46 [0.03] ac	
100%/100% 984 [0.67] b	 432 [0.30] b	 42 [0.03] abc	
9%/37% 969 [0.76] a	 286 [0.23] a	 15 [0.01] b	
Monthly 0%/50% 1410 [0.76] a	 400 [0.22] a	 36 [0.02] bc	
50%/50% 827 [0.66] b	 388 [0.31] b	 47 [0.04] ac	
100%/100% 939 [0.63] b	 497 [0.33] b	 64 [0.04] a	
9%/37% 823 [0.65] b	 413 [0.33] b	 33 [0.03] abc	
*	P-value	adjusted	using	Bonferroni	correction	for	multiple	comparisons	(α	=	0.05,	P	=	0.0018).	
Discussion 
Irrigation and ascocarp production 
Ascocarp	 production	 m-2	 was	 unaffected	 by	 reducing	 the	 rate	 of	 irrigation	 by	 50%,	 or	 by	
increasing	the	period	between	irrigation	events	out	to	4	weeks.	The	only	treatments	to	show	a	
significant	 effect	 on	 ascocarp	 productivity	 in	 either	 year	were	 the	 extreme	water	 restriction	
treatments	applied	 in	2011	 (no	 irrigation	and	9%	ETc).	These	 treatments	 showed	a	dramatic	
yield	 reduction,	 which	 was	 in	 line	 with	 expectations	 from	 the	 literature	 (Fischer	 &	 Colinas	
2013;	 Le	 Tacon	 et	 al.	 1982).	 This	 reduced	 yield	 was	 made	 up	 of	 both	 a	 reduction	 in	 the	
productivity	 per	 producing	 tree	 as	 well	 as	 a	 reduction	 in	 the	 number	 of	 trees	 producing	
ascocarps.	Le	Tacon	et	al.	(1982)	found	that	irrigation	increased	yield	by	ca.	20	fold	compared	






did	 not	 reduce	 the	 number	 of	 trees	 producing	 ascocarps,	 however	 the	 proportion	 of	
productive	trees	did	not	increase	to	the	same	degree	as	the	higher	irrigation	rate	treatments.	
When	 water	 was	 resupplied	 in	 2012	 (up	 to	 50%	 or	 37%	 for	 the	 0%	 and	 9%	 treatments	
respectively)	 there	 was	 no	 difference	 between	 the	 treatments,	 indicating	 that	 the	 drought	
treatments	of	 2011	did	not	 have	 a	 long	 term	 impact	 on	 the	 trees	productive	potential.	 This	
would	 seem	 to	 indicate	 that	 water	 is	 needed	 for	 the	 immediate	 requirements	 of	 the	
developing	ascocarp	 (directly	or	 indirectly	 to	 support	 tree	C	assimilation).	However,	drought	
does	not	adversely	 impact	on	 the	symbiotic	 infrastructure	essential	 for	ascocarp	production.	
This	 resilience	 and	 ability	 to	 respond	 quickly	 to	 favourable	 conditions	 is	 typical	 of	 many	
mycorrhizal	species	in	which	fructification	typically	exhibits	large	annual	variability	(Baptista	et	
al.	2010;	Krebs	et	al.	2008;	Pinna	et	al.	2010;	Straatsma	et	al.	2001).	Of	the	rates	tested	in	this	
study,	 irrigation	 at	 50%	 ETC appeared	 to	 be	 optimal	 in	 terms	 of	 the	 proportion	 of	 trees	
producing	 ascocarps	 as	 it	 showed	 a	 progressive	 increase	 each	 year	 and	 finished	 with	 the	
highest	 mean.	 This	 is	 consistent	 with	 the	 work	 of	 Olivera	 et	 al.	 (2013)	 who	 found	 that	
replacement	of	50%	ETO 	increased	T.	melanosporum	colonisation	of	Q.	ilex	in	a	young	Spanish	
plantation	relative	to	100%	ETO 	and	non-irrigated	treatments.	
The	 2011	 drought	 treatments	 (no	 irrigation	 and	 9%	 ETc)	 had	 no	 impact	 on	 the	 number	 of	
ascocarps	the	following	year	when	water	supply	was	 increased	to	50%	and	37%	respectively.	
However	 there	 was	 a	 significant	 reduction	 in	 the	 size	 of	 ascocarps.	 This	 reduction	 in	 size	
suggests	 a	 reduction	 in	 carbohydrate	 supply	 from	 the	 host.	 Högberg	 et	 al.	 (2001)	 studied	
carbohydrate	transfer	from	the	host	to	below	ground	sinks	in	a	boreal	Pinus	sylvestris	forest	in	
Sweden.	They	found	that	girdling	the	host	tree	rapidly	reduced	soil	respiration	and	the	number	
of	mycorrhizal	 sporocarps.	 It	was	 concluded	 that	mycorrhizal	 fungi	were	 strongly	dependent	
on	 current	 photo-assimilates	 for	maintenance	 and	 sporocarp	 production.	 A	 recent	 13C	 Pulse	
labelling	study	by	Le	Tacon	et	al.	 (2013)	showed	that	T.	melanosporum	 too,	relies	on	current	
photosynthates	 for	 ascocarp	 development	 during	 the	 early	 stages	 of	 growth.	 However,	
carbohydrate	supply	to	the	ascocarp	continued	well	after	host	assimilation	ceased,	suggesting	
a	role	for	stored	carbohydrate	reserves	in	the	latter	stages	of	development.	This	suggests	that	
stored	carbohydrate	 reserves	may	be	 important	 to	 the	 final	 size	of	 the	developing	ascocarp.	






treatment	 in	 2012,	 suggesting	 a	 reduction	 in	water	 use	 by	 these	 trees	 in	 the	 year	 following	
drought	stress. 
Preliminary	experiment	i	found	no	effect	after	reducing	irrigation	frequency	from	bi-weekly	to	
fortnightly.	 This	 is	 supported	 by	 the	 larger	 trial	 that	 found	no	 effect	 on	 ascocarp	 yield	 after	
reducing	 irrigation	 frequency	 from	 weekly	 to	 monthly.	 Irrigation	 at	 monthly	 intervals	 was	
however	found	to	be	marginally	better	than	weekly	irrigation	when	comparing	the	proportion	
of	 trees	 producing	 ascocarps.	 The	 recommended	 irrigation	 frequency	 for	 T.	 melanosporum	
found	 in	 the	 literature	 varies	 between	 10	 to	 31	 days.	 Sourzat	 (2002)	 suggests	 that	 the	
optimum	 period	 between	 irrigation	 events	 varies	 between	 different	 truffle	 growing	 regions	
depending	 on	 soil	 depth,	 with	 deeper	 soils	 allowing	 for	 greater	 periods	 between	 irrigation	
events.	 Similarly,	 Chevalier	 &	 Sourzat	 (2012)	 suggest	 that	 irrigation	 frequency	 should	 be	
adjusted	 during	 the	 season,	 with	 shorter	 intervals	 used	 during	 the	 summer	 when	
evapotranspiration	 is	 greatest.	 Optimum	 irrigation	 to	 support	 the	 tree	 would	 be	 a	 balance	
between	evapotranspiration	rate	and	soil	moisture	holding	capacity.	Greater	soil	moisture	and	
lower	evapotranspiration	would	allow	extended	periods	between	irrigation	events	before	soil	
moisture	 reached	 the	 critical	 stress	 threshold	 beyond	 which	 yields	 decline.	 Further	 work	 is	
required	to	define	the	critical	threshold	for	T.	melanosporum	culture.	Clearly	T.	melanosporum	




of	 small	 ascocarps	 and	 the	 largest	 proportion	of	medium	 sized	 ascocarps,	 though	 the	 effect	
was	 not	 always	 significant.	 The	 reason	 behind	 this	 is	 unclear,	 certainly	 water	 and	 host	
carbohydrate	are	the	two	principle	components	making	up	the	mass	of	the	ascocarp.	Although	
by	this	 logic,	we	would	expect	that	the	weekly-irrigated	treatments	would	perform	better,	as	





the	 evaporation	 of	 water	 from	 sporocarps	 may	 be	 a	 vital	 mechanism	 that	 drives	 solute	
movement,	 similar	 to	 the	 situation	 in	 plant	 leaves.	 Therefore,	 sporocarps	 in	 dry	 soil	 may	
represent	a	stronger	sink	for	host	carbohydrate	than	those	in	wetter	soil.	Olivera	et	al.	(2013)	




therefore	 the	 positive	 effect	 of	 drought	 appears	 to	 benefit	 the	 fungus	 more	 broadly	 than	
fructification.		
While	drought	periods	of	up	to	a	month	appeared	beneficial	to	ascocarp	production,	6	or	12	
week	 drought	 periods	 applied	 at	 any	 stage	 of	 the	 irrigation	 season	 resulted	 in	 a	 significant	
reduction	 in	ascocarp	yield.	The	period	most	 sensitive	 to	drought	 stress	would	appear	 to	be	
period	 2	 (15th	 January	 through	 to	 the	 28th	 of	 February).	 This	 concurs	with	 the	 suggestion	 of	
Ricard	 (2003)	 whom	 reported	 a	 similar	 critical	 period	 between	 June	 and	 August	 in	 France.	
Period	1	and	2	are	believed	to	be	the	principle	periods	of	ascocarp	induction	and	early	growth	
(Appendix	V).	Drought	applied	in	period	2	would	impact	all	initiated	primordia	and	developing	
ascocarps	 until	 the	 end	 of	 February.	 If	 primordia	 initiation	 was	 still	 occurring	 in	 period	 2,	
irrigation	during	period	1	may	be	less	critical	to	final	yields.	Alternately,	sufficient	soil	moisture	
reserves	 were	 available	 to	 the	 tree	 to	 allowing	 it	 to	 avoid	 drought	 stress	 through	 to	 mid-
January,	which	could	have	been	conveyed	to	 the	mycorrhizae	via	hydraulic	 lift.	Pacioni	et	al.	




V).	 This	 period	 also	 experienced	 lower	 evapotranspiration	 rates	 and	 therefore	 a	 reduced	
intensity	 of	 drought	 stress.	 Olivera	 et	 al.	 (2013)	 found	 that	 mycorrhizal	 colonisation	 by	 T.	







be	 harmful.	 Unfortunately	 resources	 were	 not	 available	 during	 this	 study	 to	 accurately	
measure	the	degree	of	moisture	stress	within	the	soils	or	host	tree.		
Irr igation and ascocarp quality 
Our	initial	hypothesis	was	that	a	decrease	in	the	rate	and	frequency	of	irrigation	would	lead	to	
an	 increase	 in	 the	 depth	 of	 ascocarp	 formation,	 thereby	 reducing	 the	 incidence	 of	 rot	
development.	During	2011,	a	slight	increase	in	the	average	depth	of	ascocarps	was	observed	in	
the	monthly	irrigation	frequency	and	the	50%	rate	treatment,	though	this	was	not	associated	











produced	 closer	 to	 the	 surface.	 This	 may	 increase	 their	 chances	 of	 dispersal	 and	 therefore	
reproductive	success,	by	making	them	available	to	 less	specialised	consumers.	Lilleskov	et	al.	











that	 the	 effect	 is	 genuine	 requires	 us	 to	 assume	 that	 there	 is	 a	 second	 distinct	 rot-causing	
mechanism	associated	with	high	 irrigation	 frequency,	 for	 these	 ascocarps	 are	not	 subject	 to	
the	stresses	of	exposure	that	leads	to	rot	in	erumpent	ascocarps.		
High	levels	of	soil	moisture	are	frequently	associated	with	disease	development	in	plant	crops.	
Pathogens	 and	microorganisms	 are	 often	more	 susceptible	 to	moisture	 stress	 compared	 to	
plant	and	macro-fungi.	Therefore	high	 soil	moisture	contents	are	generally	preferred	 for	 the	
proliferation	 and	 movement	 of	 soil	 borne	 pathogens	 (Cook	 &	 Papendick	 1972).	 A	 lack	 of	
oxygen	 for	 even	 brief	 periods	 can	 also	 favour	 root	 zone	 pathogens	 by	 disrupting	 host	
physiology	(Burgess	et	al.	1999;	Vayda	&	Schaeffer	1988). 
Oxygen	restriction	commonly	causes	problems	in	waterlogged	and	compact	soils,	although	this	
is	 not	 a	 characteristic	 of	 the	 study	 site	 (Chapter	 7).	 However,	 the	 oxygen	 demand	 of	 the	
ascocarp	 is	 significantly	 higher	 than	 that	 of	 many	 common	 root	 and	 tuber	 crops.	
Measurements	of	post-harvest	respiration	rates	for	T.	melanosporum	range	from	18	to	45	mL	




figures	 for	other	hypogeous	crops	are	considerably	 lower;	beetroot	 (Beta	vulgaris)	5.1	to	6.1	
mL	 CO2	 kg-1	 h-1,	 carrots	 (Daucus	 carota)	 6.7	 to	 13.3	 mL	 CO2	 kg-1	 h-1,	 Jerusalem	 artichoke	
(Helianthus	tuberosus)	6.3	to	12.3	mL	CO2	kg-1	h-1,	parsnip	(Pastinaca	sativa)	4.2	to	9.5	mL	CO2	
kg-1	 h-1	 potato	 (Solanum	 tuberosum)	 3.1	 to	 12.8	 mL	 CO2	 kg-1	 h-1	 (Gross	 et	 al.	 2014).	 This	
suggests	 that	 T.	 melanosporum	 may	 be	 particularly	 sensitive	 to	 reduced	 O2	 levels.	 This	
sensitivity	 to	 hypoxia	may	 be	 a	 consequence	 of	 evolutionary	 adaptation	 to	moisture	 stress.	
The	typical	globose	shape	of	Tuber	ascocarps	provides	a	low	surface	area	to	volume	ratio;	the	
most	efficient	shape	 to	 limit	water	 loss.	However,	 reduced	surface	area	 to	volume	ratio	also	
reduces	 the	 rate	 of	 gaseous	 exchange,	 possibly	 reducing	 the	 ascocarps	 ability	 to	 cope	with	
local	reductions	in	soil	O2. 
The	relationship	between	periods	of	drought	and	truffle	rot	was	first	proposed	after	examining	
the	 results	 of	 preliminary	 trial	 ii.	 It	 was	 found	 that	 withholding	 irrigation	 until	 February	
resulted	 in	 a	 significant	 decrease	 in	 rot	 levels	 at	 harvest.	 In	 the	 2011	 drought	 period	 trial	
(experiment	 1),	 none	 of	 the	 treatments	 resulted	 in	 a	 reduction	 of	 rot	 below	 the	 control.	
However,	 the	 amount	 of	 water	 being	 applied	 to	 the	 control	 during	 2011	 had	 already	 been	
substantially	reduced	in	both	rate	and	frequency	compared	with	2010	levels	(Chapter	3).		
In	experiment	1,	the	treatments	resulting	 in	the	highest	 level	of	rot	were	DRT1&3	and	DRT3,	
both	of	which	were	significantly	greater	 than	the	control.	The	cause	of	 this	 increase	 in	 rot	 is	
unlikely	to	be	surface	exposure	because	neither	of	these	treatments	were	associated	with	an	
increase	 in	 the	 proportion	 of	 erumpent	 ascocarps.	 Drought	 stress	 itself	 can	 cause	 physical	
deformation	 of	 the	 ascocarps	 (Chapter	 5).	 It	 is	 likely	 that	 the	 severity	 of	 the	 drought	 stress	
imposed,	resulted	in	the	abortion	or	weakness	of	developing	ascocarps	and	lead	to	the	higher	
levels	 of	 rot	 at	 harvest.	 The	 data	 indicate	 that	 ascocarps	 are	 most	 susceptible	 to	 drought	
during	 the	 late	 summer	 and	 autumn	 when	 ascocarps	 are	 undergoing	 rapid	 growth	 in	 the	
‘sporal’	 stage	 (Appendix	 V).	 However,	 it	 may	 be	 that	 ascocarps	 are	 equally	 vulnerable	 to	
drought	at	earlier	stages	when	they	are	smaller,	but	deteriorate	much	faster	with	no	remnants	
remaining	by	harvest.	
Increased	 incidence	 of	 erumpent	 ascocarps	 was	 associated	 with	 DRT1	 and	 DRT1&2.	 It	 is	
possible	that	drought	during	period	1	(and	period	2)	resulted	 in	the	depletion	of	deep	water	










productivity	and	 survival	 thus	 restricting	ascocarp	development	 to	 the	moist	upper	 layers	of	
soil.	 In	 experiment	 2,	 reducing	 the	 rate	 of	 irrigation	 appears	 to	 have	 removed	 the	 factor	
restricting	the	deeper	growth	of	ascocarps,	which	is	thought	to	be	hypoxia.	The	root	system	on	
the	other	hand	may	be	more	resilient	to	hypoxia,	therefore	growth	is	primarily	influenced	by	









The	 lowest	 rates	 of	 cracking	 were	 associated	 with	 the	 0%	 and	 9%	 irrigation	 treatments,	 in	
which	soil	moisture	 levels	were	consistently	 low	during	the	 irrigation	season.	This	effect	may	
be	 in	part	explained	by	the	reduced	 incidence	of	erumpent	ascocarps	 in	these	treatments	as	
cracking	was	also	associated	with	surface	exposure.	Monthly	irrigation	however	increased	the	
incidence	 of	 cracking	 while	 reducing	 the	 incidence	 of	 erumpent	 ascocarps	 compared	 with	
weekly	 irrigation.	 This	 is	 consistent	with	 observations	 from	many	 fruit	 crops	where	 cracking	
occurs	 in	 response	 to	 irrigation	 after	 a	 period	 of	 drought	 stress	 due	 to	 a	 sudden	 surge	 of	
solutes	 or	 differential	 growth	 rates	 of	 the	 skin	 and	 inner	 components	 (Opara	 et	 al.	 1997).	
Evidence	 from	 Chapter	 5	 suggests	 that	 cracking	 of	 the	 peridium	 is	 unlikely	 to	 increase	 the	




This	study	has	shown	that	high	 levels	of	 soil	moisture	as	a	 result	of	 irrigation	can	encourage	
erumpent	 ascocarp	 development.	 This	 in	 turn	 leads	 to	 a	 loss	 in	 production	 through	 the	
development	of	 truffle	 rot.	Reducing	both	 the	 rate	of	 irrigation	 from	100%	of	ETC to	50%	or	
37%	 and	 the	 frequency	 of	 irrigation	 from	 7-day	 to	 28-day	 intervals	 resulted	 in	 a	 reduced	
incidence	of	erumpent	ascocarps.	When	irrigation	was	applied	at	weekly	intervals,	the	level	of	




suggests	 that	 a	 second	 factor	 may	 be	 involved	 in	 causing	 rot	 in	 hypogeous	 ascocarps.	 We	
hypothesise	 that	 high	 moisture	 levels	 cause	 hypoxia	 in	 these	 soils,	 impeding	 ascocarp	




1500	 kPa	 and	 host	 trees	 entered	 moisture	 stress.	 Monthly	 irrigation	 also	 resulted	 in	 an	
increase	 in	 the	 proportion	 of	 trees	 producing	 ascocarps	 by	 the	 end	 of	 the	 experiment.	






Chapter 7: The effect of soil tillage on ascocarp 









• Tillage	 significantly	 reduced	 the	 proportion	 of	 ascocarps	 affected	 by	 rot	 in	 both	
experiments.	 Whilst	 all	 methods	 of	 tillage	 reduced	 the	 proportion	 of	 erumpent	




with	 the	 rotary	 hoe	 treatment.	 In	 the	 tillage	 method	 trial,	 no	 significant	 effects	 on	






Soil	 tillage	 is	 routinely	 practiced	 in	 truffle	 plantations	 throughout	 Europe.	 The	 rationale	 for	
using	tillage	differs	between	sources.	Most	often	 it	 is	reported	as	a	method	of	weed	control,	
though	 many	 other	 beneficial	 effects	 are	 ascribed	 to	 it.	 It	 has	 been	 claimed	 that	 tillage	
stimulates	 fine	 root	 growth,	 improves	 soil	 aeration,	 increases	 ascocarp	 size,	 reduces	 soil	
evaporation,	 improves	 drainage,	 improves	 water	 infiltration,	 and	 stimulates	 ascocarp	
production	 in	 young	 plantations	 (Hall	 et	 al.	 2007;	Morcillo	 et	 al.	 2015;	 Pargney	 et	 al.	 2011;	





tillage	 can	 result	 in	 a	 reduction	of	 ascocarp	yield	and	 cause	 long-term	damage	 to	 tree	 roots	
and	 soil	 structure.	 It	 is	 therefore	 important	 to	 determine	 the	 actual	 effect	 of	 soil	 tillage	 on	
ascocarp	 production.	 Furthermore,	 Sourzat	 (2002)	 reports	 that	 some	 plantations	 when	 left	





aggressively	 compete	with	 young	 trees	 for	water	 and	 nutrients.	 In	 a	 study	 by	Olivera	 et	 al.	
(2011),	 herbicide	 was	 more	 effective	 than	 tillage	 in	 improving	 tree	 growth,	 mycorrhizal	
development,	 and	 reducing	 tree	 mortality.	 The	 only	 significant	 improvement	 of	 tillage	
compared	 to	 the	 control	was	 in	 tree	 growth.	 It	 is	 possible	 that	 the	 competitive	 pressure	 of	
weeds	for	water	resources	may	also	impact	ascocarp	productivity,	however	evidence	for	this	is	




No	 T.	 magnatum	 mycorrhizae	 were	 found	 either	 before	 or	 after	 treatment.	 However,	 soil	
tillage	 caused	 a	 significant	 increase	 is	 the	 amount	 of	 T.	 magnatum	 mycelium	 in	 the	 soil	
measured	by	real-time	PCR.	However,	Alonso	Ponce	et	al.	 (2014)	found	the	use	of	soil	tillage	
did	 not	 contribute	 significantly	 to	 the	 ability	 to	 predict	 if	 Spanish	T.	melanosporum	 /	Q.	 ilex	
plantations	would	produce	ascocarps.			
The	use	of	tillage	to	alleviate	soil	compaction	and	improve	aeration	is	emphasised	by	Sourzat	
(2002)	 and	 Dessolas	 et	 al.	 (2007).	 Aeration	 is	 believed	 to	 be	 essential	 for	 ascocarp	





spring,	 in	 the	 period	 after	 ascocarp	 harvest	 but	 before	 the	 initiation	 of	 ascocarp	 primordia	
(Dessolas	 et	 al.	 2007;	 Ricard	 2003;	 Sourzat	 2002).	 Sourzat	 (2002)	 further	 states	 that	 it	 is	
difficult	 to	make	 generalisations	 because	 local	 differences	 in	 soil	 and	 climate	 can	 affect	 the	
effectiveness	 of	 tillage.	 Sourzat	 provides	 anecdotes	 from	 several	 regions	 in	 France	 where	




cm	 during	 July	 (Tricastin).	 In	 these	 cases	 it	 is	 claimed	 that	 tillage	 reduces	 the	 number	 of	
ascocarps	but	those	that	remain	are	larger	and	are	of	better	quality.	
The	depth	of	tillage	 is	regarded	as	another	crucial	 factor	that	can	negatively	 impact	on	yield.	
Sourzat	 (2002)	 suggests	 that	 a	 depth	 of	 8-10	 cm	 is	 ideal	 for	 ascocarp	 development.	 Reyna	




Ricard	 (2003)	warns	 against	 dramatic	 changes	 in	management	when	 it	 comes	 to	 the	 use	 of	
tillage,	as	excessive	root	damage	can	lead	to	negative	impacts	on	ascocarp	harvests.	Excessive	
tillage	can	be	counterproductive,	resulting	in	disruption	of	the	soil	aggregate	structure	leading	
to	 reduced	 soil	 porosity,	 loss	 of	 organic	 matter	 and	 soil	 compaction	 (Morcillo	 et	 al.	 2015;	
Ricard	2003).	Chevalier	&	Pargney	(2014)	also	say	that	indiscriminate	tillage	can	upset	the	soil	
ecosystem	by	bringing	mycorrhizal	species	from	the	edges	of	the	burn	inside	the	burn.	This	in	
turn	can	 lead	 to	 the	displacement	of	T.	melanosporum	 and	 the	proliferation	of	 less	valuable	
species	such	as	T.	brumale	and	T.	aestivum.	
The	Tanguy	method	of	plantation	management	 (Chapter	2)	does	not	advocate	soil	 tillage.	 In	
this	 management	 style,	 weed	 growth	 is	 managed	 using	 regular	 mowing	 and	 the	 burn	 is	
allowed	 to	 develop	 naturally.	 Sourzat	 (2002)	 concedes	 that	 tillage	 is	 not	 always	 necessary	
provided	 that	 soil	 porosity	 can	 be	maintained	 by	minimising	 traffic	 and	 by	 encouraging	 the	
activity	 of	 soil	 fauna	 (particularly	 earthworms)	 through	 the	 provision	 of	 organic	matter	 and	
adequate	shading	of	the	soil.	
In	 Australia	 the	 practice	 of	 soil	 tillage	 has	 not	 been	 widely	 adopted.	 The	 reason	 for	 this	 is	
possibly	due	to	a	preference	for	chemical	weed	control	as	well	as	an	awareness	of	the	negative	
impacts	 of	 excessive	 use	 of	 tillage	 under	 Australian	 conditions.	 This	 has	 led	 to	 many	 other	
industries	moving	 towards	no-till	or	minimum-till	 cropping	systems.	The	decreasing	depth	of	
ascocarps	 at	 the	 study	 site	 is	 consistent	 with	 the	 observations	 of	 Sourzat	 (2002)	 in	 untilled	
truffle	 plantations.	 This	 suggested	 that	 tillage	 could	 provide	 a	 solution	 to	 the	 rot	 problem.	
However,	the	lack	of	empirical	data	on	the	effects	of	tillage	on	ascocarp	yields	and	the	lack	of	
prescriptive	methodology	 for	 applying	 tillage	 treatments	 prevent	 its	 further	 adoption	within	
Australia.	
The	aims	of	this	chapter	are	to:	1)	Determine	the	effects	of	soil	tillage	on	ascocarp	depth	and	












Rotary hoe trial 
Five	rows	of	between	60	and	104	trees	were	selected	at	random	from	the	rows	available	after	
excluding	 those	 committed	 to	 other	 experiments	 and	 management	 requirements.	 Tillage	
treatment	was	applied	during	November	2009	to	both	sides	of	the	tree	row	to	a	depth	of	ca.	8	
cm.	Tillage	was	done	at	a	distance	of	0.8	m	from	the	tree	trunk	using	a	rotary	hoe	with	a	width	




Ascocarps	were	harvested	 and	data	 regarding	 their	 location,	 condition,	 depth	 and	 size	were	





production	 per	 tree	 and	 the	 proportion	 of	 ascocarps	 that	 developed	 rot	 were	 assessed	 via	
repeated	 measures	 ANOVA.	 Appropriate	 data	 transformations	 were	 performed	 where	
required.	 The	 response	 of	 truffle	 size	 was	 assessed	 separately	 in	 2010	 and	 2011	 using	 chi-








a	 tree,	 dark	 cells	 indicate	 trees	 which	 produced	 a	 ascocarp	 in	 2009.	 Highlighted	
rows	 represent	 areas	 which	 received	 the	 tillage	 treatment,	 control	 rows	 are	 one	
row	either	side	of	each	tilled	row.		
A	subsample	of	mature	ascocarps	was	taken	for	assessment	on	11-14	of	June	2011,	11-18	July	
2012	 and	 21-26	 July	 2013.	 Over	 the	 sampling	 period,	 all	 mature	 ascocarps	 were	 harvested	
from	 each	 plot	 and	 bagged	 individually.	 Their	 depth	 was	 recorded	 in	 5	 cm	 increments.	
Ascocarps	 were	 gently	 washed	 by	 hand,	 then	 assessed	 for	 the	 presence	 of	 rot.	 In	 2011,	
ascocarp	 shape	 was	 assessed	 on	 a	 two-category	 classification	 based	 on	 the	 presence	 or	
absence	 of	 invaginations	 in	 the	 peridium.	 The	 presence	 of	 invagination	 was	 defined	 any	
infolding	of	the	peridium	resulting	in	the	enclosed	surface	becoming	obscured	from	view.	The	
effects	of	tillage	on	truffle	depth	and	rot	over	time	were	assessed	using	log-linear	modelling.	
Data	 from	 separate	 blocks	 were	 pooled	 by	 treatment	 for	 the	 analysis.	 Truffle	 depth	 was	
collapsed	 into	 2	 categories	 (erumpent	 and	 hypogeous).	 The	 effect	 of	 treatment	 on	 truffle	
shape	was	assessed	using	chi-square	analysis.		











received	the	treatment.	The	 implement	used	 in	the	ripping	treatments	consisted	of	 three	80	
cm	(diameter)	coulters,	followed	by	a	vertical	shank,	with	12	cm	wide	winged	tips	(Figure	7.2).	
A	90	HP	tractor	pulled	the	instrument,	with	the	three	tines	spaced	0.9	m	apart.	A	second	pass	










total	 weight	 of	 both	 rotten	 and	 healthy	 ascocarps	 was	 recorded	 for	 each	 plot.	 Ascocarps	
produced	 in	 the	 1.4	m	 untilled	 strip	 in	 the	 tree	 line	were	 not	 recorded.	 During	 a	 two-week	










After	 measuring	 ρbf,	 the	 soil	 samples	 were	 sent	 to	 CSBP	 Plant	 and	 Soil	 Analysis	 Laboratory	










Statsoft	 Inc.	2007).	Data	 transformations	were	performed	where	appropriate.	Data	 from	the	
2011	 truffle	harvest	were	 inappropriate	 to	 conduct	ANOVA	due	 to	 the	high	number	of	plots	
that	 did	 not	 produce	 ascocarps.	 Therefore,	 data	 were	 pooled	 by	 treatment	 and	 chi-square	
analysis	was	used.		
Regression	 analysis	 (Microsoft®	 Excel®	 for	Mac	 2011)	was	 used	 to	 describe	 the	 relationship	
between	the	number	of	ascocarps	and	average	ascocarp	mass	within	each	plot.		
The	effects	of	treatment	on	truffle	depth	were	analysed	using	hierarchical	log-linear	modelling	
using	 backwards	 elimination	 to	 determine	 the	 most	 parsimonious	 model.	 Post-hoc	
comparisons	 were	 made	 using	 pair-wise	 chi-square	 tests,	 applying	 Bonferroni	 correction	 to	
adjust	the	P-value	for	multiple	comparisons	(SPSS	17.0	for	Windows©,	SPSS	Inc.	2008).	




Rotary hoe trial 
In	the	2010	truffle	season	no	significant	differences	between	the	treatments	was	observed	in	
ascocarp	production	or	in	the	proportion	of	rotten	ascocarps	at	harvest	(Figures	7.3	&	7.4).	In	






0.5,	 though	 this	 difference	 was	 not	 statistically	 significant.	 However	 in	 2011,	 the	 tillage	
treatment	 showed	 a	 significant	 increase	 in	 the	 level	 of	 ascocarp	 production	 per	 tree	 (6.3	
ascocarps	tree-1	compared	with	3.9	in	the	control).	
A	 similar	pattern	was	observed	 in	 the	proportion	of	ascocarps	developing	 rot.	 In	2010	 there	





Table	7.1:	 Results	 from	 the	 repeat	measures	 ANOVA’s	 on	 the	 effect	 of	 tillage	 treatment	 on	
ascocarp	 production	 per	 tree	 and	 the	 percentage	 of	 ascocarps	 developing	 rot	 in	





Ascocarp	production	per	tree	 Treatment	 1 0.671 0.433 
	 Year	 1 131.197 <0.001 
	 Year	x	Treatment	 1 12.380 0.006 
	 	 	 	 	
Percentage	of	rotten	ascocarps		 Treatment	 1 10.429 0.010 
	 Year	 1 .040 0.845 
	 Year	x	Treatment	 1 11.871 0.007 
	
Figure	7.3:	 The	number	of	ascocarps	per	tree	from	each	tillage	treatment	in	2010	and	2011	(n	=	















Figure	7.5:	 The	 proportion	 of	 small	 sized	 ascocarps	 from	 each	 tillage	 treatment	 in	 2010	 (n	 =	
1287)	 and	 2011	 (n	 =	 6400).	 Labels	 show	 the	 results	 of	 chi-square	 analysis	 within	
years.	For	the	definition	of	‘small’	see	Figure	3.4.	
Sub-sampling 
Sub-samples	 from	 2011,	 2012	 and	 2013,	 totalled	 147,	 313,	 and	 417	 ascocarps,	 respectively.	
Log-linear	analysis	produced	a	final	model	that	retained	three,	3-way	effects	(4d.f.	χ2	=	0.000,	P	
=	 1.000).	 There	 was	 a	 significant	 interaction	 between	 year,	 tillage	 treatment	 and	 ascocarp	
condition	(2d.f.	χ2	=	21.145,	P	<0.001);	year,	treatment	and	ascocarp	depth	(2d.f.	χ2	=	9.489,	P	=	
0.009);	and	treatment,	ascocarp	depth	and	ascocarp	condition	(1d.f.	χ2	=	5.795,	P	=	0.016).		











shows	that	 in	the	control	 there	was	no	effect	of	ascocarp	depth	on	the	occurrence	of	rot.	 In	
the	 tilled	 treatment,	 the	occurrence	of	 rot	 in	erumpent	ascocarps	was	 statistically	 similar	 to	
that	in	of	the	control,	but	hypogeous	ascocarps	exhibited	a	2.3-fold	decrease.	
	






















Figure	7.9:	 The	 effect	 of	 tillage	 treatment	 on	 truffle	 shape	 in	 2011	 (n	 =	 133).	 Inset	 shows	
example	 of	 a	 A)	 non-invaginated	 ascocarp,	 and	 B)	 invaginated	 (arrow)	 ascocarp.	
Scale	bar	=	1	cm.	
Til lage method trial 
2012 
Ascocarp	production	from	all	24	experimental	plots	in	2011	totalled	204	ascocarps.	Four	of	the	
plots	 produced	 no	 ascocarps	 and	 a	 further	 6	 produced	 less	 than	 5.	 As	 a	 result	 it	 was	 not	
possible	 to	 perform	 statistical	 analysis	 on	 the	 yield	 data.	 Examination	 of	 the	means	 (Figure	
7.10),	 shows	 that	 there	was	a	 greater	number	of	 ascocarps	 associated	with	 the	RH	and	R15	













Figure	7.11:	The	 effect	 of	 tillage	 treatment	 on	 the	 proportion	 of	 ascocarps	 affected	 by	 rot	 in	
2012	(C	=	Control,	RH	=	Rotary	hoe,	R15	=	Ripping	to	15cm,	R25	=	Ripping	to	25cm).	
Data	are	the	percentage	of	ascocarps	developing	rot,	for	the	total	harvest	summed	














between	 the	 number	 of	 ascocarps	 per	 plot	 and	 the	 average	 ascocarp	 mass	 irrespective	 of	
treatment	(Figure	7.13)	
	
Table	7.2:	 Results	 from	 the	 ANOVA’s	 comparing	 ascocarp	 productivity	 and	 presence	 of	 rot	
from	 the	 tillage	 treatments.	 Figures	 in	bold	 show	 statistically	 significant	 effects	 (P	
<0.05)	
	Transformation	 		 d.f.	 F	 P	
loge(Y)	 Ascocarps	plot-1		 3 0.535 0.665 
	
Ascocarp	mass	plot-1	 3 1.885 0.175 
loge(Y)	 Ascocarp	mass	 3 2.643 0.087 







R25	 =	 Ripping	 to	 25cm)	 on	 A)	 the	 number	 of	 ascocarps	 per	 plot;	 B)	 mass	 of	
ascocarps	 per	 plot;	 C)	 Average	 ascocarp	mass;	 and	D)	 the	 proportion	 of	 ascocarp	







Figure	7.13:	The	 relationship	 between	 the	 number	 of	 ascocarps	 per	 plot	 and	 the	 average	
ascocarp	mass	in	2013.	Data	points	represent	ascocarp	harvest	data	from	individual	
plots	(n	=	24).	Correlation	is	drawn	between	all	points	regardless	of	treatment	(C	=	
Control,	 RH	 =	 Rotary	 hoe,	 R15	 =	 Ripping	 to	 15cm,	 R25	 =	 Ripping	 to	 25cm;	 y=-
177.8ln(x)	+	862.6;			R2	=	0.544).	
Ascocarp depth 
The	 relationship	 between	 treatments,	 ascocarp	 condition	 and	 ascocarp	 depth	was	 explored	
over	 a	 two	 week	 period	 starting	 21st	 July	 2013.	 During	 this	 period	 1712	 ascocarps	 were	
collected.	Log-linear	analysis	found	that	the	data	were	best	described	by	the	saturated	model,	
indicating	 a	 significant	 3-way	 interaction	 between	 treatment,	 ascocarp	 depth	 and	 ascocarp	
condition	 (12d.f.	 χ2	=	529.8,	P	<	0.001).	For	 the	sake	of	 interpretation,	 the	data	were	broken	
into	 two	 figures	 showing	 the	 proportion	 of	 rotten	 ascocarps	 with	 depth	 in	 each	 treatment	
(Figure	 7.14)	 and	 the	 distribution	 of	 ascocarps	 with	 depth	 in	 each	 treatment	 (Figure	 7.15).	
However,	 the	 large	number	of	categories	 in	 the	analysis	prevented	 the	use	of	Post	hoc	 tests	
using	Bonferroni	correction.	
In	 all	 the	 tilled	 treatments	 the	 proportion	 of	 diseased	 ascocarp	 decreased	 steadily	 with	














Figure	7.14:	The	 relationship	 between	 tillage	 treatment	 (C	 =	 Control,	 RH	 =	 Rotary	 hoe,	 R15	 =	













below	10	 cm	 there	was	an	 increase	associated	with	all	 tillage	 treatments.	 The	variation	was	
only	significantly	different	from	the	control	at	15	cm	depth	in	the	R30	and	RH	treatments	and	
only	at	15-20	cm	in	the	RH	treatment.		
Table	7.3:	 Repeat	 measures	 ANOVA	 of	 soil	 pH	 in	 response	 to	 tillage	 treatment	 and	 depth.	
Figures	in	bold	show	statistically	significant	effects	(P	<	0.05)	
  d.f. F P 
Treatment 3 4.0 0.028 
Depth 3 46.7 <0.001 
















	 d.f. F P 
Treatment	 3 32.932 <0.001 
Depth 3 62.433 <0.001 





Figure	7.17:	Soil	 bulk	 density	 (ρbf)	 in	 5	 cm	 increments	 to	 a	 depth	 of	 20	 cm	 from	 each	 of	 the	
tillage	 treatments	 (C	 =	 Control,	 RH	 =	 Rotary	 hoe,	 R15	 =	 Ripping	 to	 15cm,	 R25	 =	
Ripping	 to	 25cm).	 LSD	 bar	 indicates	 the	 least	 significant	 difference	 according	 to	
Fischer’s	LSD	test	(n	=	6	±	SE).	
	
Total	 porosity,	macro-porosity,	 and	 fine	 bulk	 density	 in	 the	 surface	 5	 cm	 showed	 significant	
differences	after	tillage	treatment	(Table	7.5).	Highest	values	of	total	porosity,	were	in	the	RH	
treatment	 with	 a	 mean	 of	 0.717	 m3	 m-3.	 Macro-porosity	 was	 0.173	 m3	 m-3	 in	 the	 control,	
approaching	 the	 value	 of	 0.10	m3	m-3	 which	 is	 often	 used	 as	 a	 critical	 limit	 of	 soil	 aeration	
(Cook	et	al.	2013).	





	 g	cm-1	 m3	m-3	 m3	m-3	
C	 1.049		a	 0.585		a	 0.173		a	
RH	 0.713		b	 0.717		b	 0.446		b	
R15	 0.886		c	 0.657		c	 0.316		c	
R25	 0.844		c	 0.668		c	 0.335		c	
	 	 	 	












which	have	been	put	 in	place	over	 time	 to	 control	 rot	 development	 in	 erumpent	 ascocarps.	
The	 other	 management	 factors	 include,	 insect	 and	 leaf	 litter	 management,	 covering	 of	
erumpent	 ascocarps	 with	 soil	 (Chapter	 5),	 and	 a	 gradual	 change	 in	 irrigation	 management	
(Chapter	6).	
Another	factor,	which	may	have	influenced	the	result,	was	the	coarse	measurement	scale	used	
to	 classify	 ascocarp	depth.	 In	 the	 rotary	 hoe	 trial,	 depth	was	measured	 in	 5	 cm	 increments.	






the	 atmosphere.	 In	 this	 case,	 the	 lack	 of	 difference	 between	 hypogeous	 and	 erumpent	
ascocarps	may	have	been	due	to	the	fact	that	hypogeous	ascocarps	were	not	deep	enough	to	
gain	protection	and	the	effect	of	tillage	treatment	was	simply	to	increase	the	average	ascocarp	
depth	within	 that	 5	 cm	 increment.	 In	 2013,	 in	 the	 tillage	method	 trial,	 the	 depth	 scale	was	
refined	into	increments	of	2.5	cm.	Use	of	this	scale	confirmed	that	 in	the	control,	hypogeous	
ascocarps	 had	 similar	 or	 greater	 incidence	 of	 rot	 than	 erumpent	 ascocarps.	 In	 both	
experiments	 it	 was	 only	 when	 tillage	 was	 applied	 that	 the	 hypogeous	 habit	 protected	




It	 is	 frequently	 remarked	 that	 truffles	 require	 a	 soil	with	 good	aeration	 (Alonso	Ponce	et	al.	
2014;	 Bragato	 2014;	 Bragato	 et	 al.	 2010;	 Giovannetti	 et	 al.	 1994;	 Lulli	 et	 al.	 1999;	 Sourzat	
2002),	but	aeration	can	be	a	problematic	concept	to	define.	Seemingly,	there	has	never	been	
an	attempt	to	define	the	critical	aeration	requirements	of	truffle	ascocarps.	 In	the	 literature,	
the	 requirement	 for	 aeration	 has	 typically	 been	 inferred	 from	 soil	 porosity	 and	 aggregation	
measurements.	 Giovannetti	 et	 al.	 (1994)	 gives	 an	 optimum	 level	 for	 bulk	 density	 (ρb)	 for	 a	
truffle	 producing	 soil	 of	 ca.	 1	 g	 cm-3.	 At	 the	 study	 site	 it	 appears	 as	 though	 this	 level	 could	








et	al.	1999).	Bulk	density	is	a	useful	 indicator	of	soil	aeration	as	it	 is	 inversely	related	to	total	
porosity.	However,	porosity	alone	has	limited	value	as	an	index	of	aeration	because	it	does	not	
take	into	account	the	size	and	connectivity	of	pores,	which	has	a	large	influence	on	the	rate	of	




water	 storage	 pores,	 whilst	 macro-pores	 (>30	 µm)	 are	 important	 for	 the	 infiltration	 and	
drainage	of	water	and	the	transmission	of	air	(Lal	&	Shukla	2004).	In	the	current	study,	tillage	
increased	 total	 porosity	 by	 22%	 but	 increased	macro-porosity	 by	 over	 150%.	 Bragato	 et	 al.	
(2010)	compared	the	physical	soil	properties	of	plots	producing	T.	magnatum	compared	with	
those	of	unproductive	plots.	They	found	that	productivity	was	associated	with	an	 increase	 in	
macro-porosity	and	a	 reduction	 in	aggregate	size	and	stability.	Pore-size	distribution	 is	often	
difficult	 to	 determine	 by	 traditional	 techniques	 in	 natural	T.	melanosporum	 sites	 due	 to	 the	
abundance	of	large	gravel.	Lulli	et	al.	(1999)	documented	the	use	of	DTPA-extractable	Mn2+	as	
a	proxy	for	soil	aeration	and	found	that	it	could	be	used	to	predict	the	presence	or	absence	of	
a	 burn	 under	 a	 given	 tree.	 However,	 none	 of	 the	 collected	 variables	 could	 discriminate	
between	productive	and	non-productive	burns.		
Of	 the	 three	 tillage	 techniques	 tested,	 the	 rotary	 hoe	 was	 the	 most	 effective	 at	 reducing	
ascocarp	depth.	 The	 two	 tined	 treatments	 showed	a	 slight	 reduction	 in	 ascocarp	depth,	 but	
remained	similar	to	the	control.	We	hypothesised	that	the	shallow	depth	of	ascocarps	at	the	






roots	 towards	 the	 surface	 as	 they	 are	 dragged	 through	 the	 soil.	 Soil	 pH	 changes	 associated	
with	depth	are	unlikely	to	affect	the	depth	of	developing	ascocarps.	The	minimum	pH	of	any	
treatment	 in	 the	 top	 20	 cm	 was	 7.95	 which	 is	 above	 the	 minimum	 pH	 threshold	 of	 7.5	
suggested	by	Bonet	et	al.	(2009).	
The	positive	effect	of	treatment	on	the	proportion	of	diseased	ascocarps	in	the	rotary	hoe	trial	















make	a	 firm	 conclusion	 regarding	 this	hypothesis.	 In	 the	 rotary	hoe	 trial,	 yields	 appeared	 to	
decline	 in	 the	 first	 year	 after	 application,	 but	 the	 effect	 was	 not	 significant.	 This	 lack	 of	
significance,	may	have	been	due	to	the	low	overall	productivity	from	these	plots,	as	a	result	of	
their	 age.	 In	 the	 second	 season	 of	 the	 rotary	 hoe	 trial,	 a	 positive	 effect	 of	 treatment	 was	
observed	 in	 terms	 of	 the	 number	 of	 ascocarps	 produced,	 although	 this	was	 also	 associated	
with	a	decrease	 in	ascocarp	size.	These	results	were	not	repeated	 in	the	tillage	method	trial.	
The	data	did	not	show	any	significant	effects	of	treatment	on	ascocarp	production	or	number	





to	 the	 labour	 required	 for	 recording	 every	 ascocarp	 but	 also	 because,	 as	 production	 at	 the	
study	site	 increased	over	 time,	 the	ascocarp	productive	zone	grew	to	cover	100%	of	 the	soil	
surface	area.	Therefore,	it	was	no	longer	reasonable	to	assign	any	one	ascocarp	to	a	particular	
host	 tree	 as	 the	 root	 systems	overlap	 and	a	 single	 truffle	 genet	may	 form	mycorrhizae	with	
multiple	hosts.	
The	increased	ascocarp	numbers	associated	with	the	rotary	hoe	trial	indicates	that	there	was	
either	 an	 increased	 number	 of	 ascocarp	 initials	 promoted	 by	 tillage,	 or	 an	 increase	 in	 the	
number	 of	 ascocarps	 reaching	 maturity.	 Data	 from	 Pacioni	 et	 al.	 (2014)	 suggests	 that	
primordia	suffer	a	high	rate	of	attrition	and	only	a	small	fraction	of	those	which	initiate	make	it	
through	to	maturity.	 It	seems	 logical	 to	assume	then,	that	the	observed	 increase	 in	ascocarp	





ascocarps	 at	 harvest.	 This	 suggests	 that	 tilled	 soil	 is	 more	 conducive	 to	 healthy	 ascocarp	
development.	While	there	was	an	increase	in	ascocarp	number,	the	average	size	of	ascocarps	
decreased.	This	phenomenon	has	been	well	described	 in	many	crop	plants,	where	 increasing	
crop	 load	 (C	 sink	 demand)	 results	 in	 competition	 between	 sinks	 for	 the	 finite	 supply	 of	
carbohydrate	(source	limitation)	leading	to	reduced	fruit	size	(Dennis	2000).			
The	 reason	 for	 the	 differences	 between	 the	 trials	 is	 difficult	 to	 interpret	 given	 the	 lack	 of	
understanding	 regarding	 the	 process	 of	 ascocarp	 development.	 Following	 the	 source-sink	




mulching	 effect,	 buffering	 the	 soil	 against	 changes	 in	 soil	 temperature	 and	 moisture.	 In	
combination	with	 the	 increase	 in	 ascocarp	depth,	 this	may	 result	 in	 the	 an	 extension	 in	 the	
period	 during	 which	 temperature	 and	 moisture	 conditions	 are	 not	 restrictive	 to	 solute	
movement	 and	 C	 loading,	 resulting	 in	 increased	 size	 at	 harvest	 (Ho	 1996).	 Sourzat	 (2002)	
claims	 that	 increased	 truffle	 size	 following	 tillage	 is	 due	 to	 improved	 aeration	 and	nutrition,	
but	 evidence	 for	 these	 claims	 are	 lacking.	 The	 reduction	 in	 the	 incidence	 of	 disease	 in	
ascocarps	 at	 harvest	 is	 believed	 in	 part	 to	 be	 the	 result	 of	 improved	 aeration	 (discussed	
above),	 therefore	 it	 is	 possible	 that	 levels	 of	 gaseous	 exchange	 during	 the	 ascocarp	 growth	
phase	 are	 restricted	 to	 an	 extent	 which	 may	 impede	 expansion.	 Improved	 nutrition	 of	 the	
ascocarp	 following	 tillage	 is	based	on	 the	assumption	 that	 the	developing	ascocarp	 is	 reliant	















truffle	 productivity.	 However	 poor	 productivity	 from	 all	 plots	 in	 the	 season	 following	
treatment	 reduced	 the	 power	 of	 the	 statistical	 tests.	 Despite	 uncertainty	 in	 the	 effects	 of	
treatment	on	productivity,	the	net	benefit	of	tillage	was	positive	to	the	harvest	of	commercial	
quality	 truffles	due	 to	 the	substantial	 reductions	 in	 the	 incidence	of	 rot	and	 improvement	 in	







Chapter 8: General Discussion 
This	 thesis	 investigated	 a	 number	 of	 issues	 emerging	 from	 the	 commencement	 of	 the	
productive	 phase	 of	 the	 Australian	 truffle	 industry.	 The	 research	 presented	 here	 advances	
knowledge	 in	 several	 key	areas;	 irrigation	management	of	Australian	 truffles;	 the	use	of	 soil	
tillage;	and	 the	management	of	disease.	The	key	 findings	and	 implications	 for	 the	Australian	
truffle	industry	are	discussed	in	more	detail	below.	
Diseases affecting ascocarps 
Compared	with	many	other	 fungal	 sporocarps,	 those	of	 T.	melanosporum	 are	 relatively	 long	
lived	in	the	soil	environment.	This,	as	well	as	their	resistance	to	peridium	damage	(Chapter	5),	
suggests	 that	 these	 ascocarps	 are	 fairly	 resilient	 to	 the	wide	 range	of	microbial	 species	 that	
share	 their	 soil	 habitat.	 Furthermore,	 truffles	 naturally	 host	 a	 suite	 of	micro-organisms	 that	
differ	 from	those	 in	 the	surrounding	soil	 (Antony-Babu	et	al.	2014;	Deveau	et	al.	2016).	This	
suggests	that	they	have	an	ability	to	select	helpful	species	and	exclude	potentially	detrimental	
species.	 The	 ability	 of	 T.	melanosporum to	modulate	 the	 growth	 of	 other	 organisms	 is	 well	
documented	in	the	form	of	the	soil	burn	as	well	as	its	production	of	bioactive	metabolites	such	
as	 terpenoids	 and	 sulphur-containing	 volatiles	 found	within	 truffle	 ascocarps	 (Splivallo	et	 al.	
2011;	Zeppa	et	al.	2004).	It	is	often	speculated	that	epibionts	play	a	critical	role	in	the	life	cycle	
of	 the	 fungus,	 by	 assisting	 the	 establishment	 of	 the	 symbiotic	 phase	 or	 in	 the	 formation	 of	
aromas	 during	 ascocarp	 development.	 Pavić	 et	 al.	 (2013)	 demonstrated	 that	 the	 potential	
parasite	Verticillium	leptobactrum	was	suppressed	by	Rhodococcus	sp.	isolated	from	healthy	T.	
magnatum	 ascocarps,	 suggesting	 that	 the	 microbial	 population	 may	 serve	 a	 protective	
function.	 Recent	 work	 by	 Leonardi	 et	 al.	 (unpublished	 manuscript)	 found	 a	 ubiquitous	
presence	 of	 Clonostachys	rosea	 within	 ascocarps	 of	 T.	 borchii,	 T.	 magnatum	 and	 T.	
melanosporum	when	using	nested	real-time	quantitative	PCR.	It	is	unknown	if	this	is	also	true	
of	 truffles	 produced	 in	Australia,	 however	C.	rosea	was	 the	most	 frequently	 isolated	 species	
recovered	from	diseased	ascocarps	in	this	study,	which	is	consistent	with	it	being	ubiquitous.	
The	 parasitic	 ability	 of	 C.	rosea	was	 observed	 first	 hand,	 aggressively	 competing	 with	 other	
isolates	in-vitro.	However,	the	ubiquitous	presence	of	C.	rosea	suggests	that	it	is	unlikely	to	be	
a	pathogen	under	conditions	favourable	to	the	truffle	fungus.	It	is	more	likely	that	the	fungus	
forms	a	commensal	 relationship	using	 its	 suit	of	 fungicolous	genes	 to	communicate	with	 the	
truffle	 ascocarp.	 The	 fungicolous	 nature	 of	 C.	 rosea	 suggests	 it	 may	 be	 involved	 in	 the	




crotocinigenum.	 This	 raises	 the	possibility	of	C.	 rosea	 being	used	as	a	bio-control	agent	 in	T.	
melanosporum culture.	
The	 microbial	 community	 inhabiting	 truffle	 ascocarps	 is	 believed	 to	 originate	 from	 the	 soil	
during	 development.	 For	 this	 reason	 the	 microbial	 composition	 of	 soil	 may	 influence	 the	
microbial	 diversity	 within	 the	 ascocarp.	 The	 cultivation	 of	 truffles	 in	 foreign	 soils,	 such	 as	
Australia,	may	result	 in	unknown	consequences	for	truffle	development	due	to	differences	in	
the	 truffle’s	 microbiome.	 Clearly	 the	 capacity	 for	 ascocarp	 production	 has	 not	 been	
detrimentally	affected.	However,	 the	 impact	on	 the	susceptibility	of	ascocarps	 to	disease,	or	
differences	in	organoleptic	qualities	due	to	this	difference	is	unknown.	
There	 is	 a	 possibility	 that	 parts	 of	 the	 native	 truffle	 microbiome	 have	 been	 imported	 into	
Australia	via	the	initial	inoculum	used	at	plantation	establishment.	However,	such	importation	
of	 the	 truffle	 microbiome	 has	 its	 risks,	 as	 exotic	 pathogens	 can	 also	 be	 imported.	 This	 is	
particularly	true	where	damaged	or	diseased	ascocarps	with	 little	commercial	value	are	used	
as	 inoculum.	 In	a	number	of	 cases,	particularly	 in	Tasmania,	New	South	Wales,	and	Victoria,	
multiple	 Tuber	 species	 have	 been	 unintentionally	 introduced	 (Linde	 &	 Selmes	 2012),	
potentially	 carrying	 an	 additional	 suite	 of	microflora.	 At	 any	 rate,	 the	 introduction	 of	 novel	
fungicolous	fungi	into	Australia	may	be	counterproductive	to	the	establishment	of	a	successful	
truffle	 industry.	Presently,	 the	 lack	of	native	competitors	 is	postulated	as	one	of	 the	reasons	
that	 several	 West	 Australian	 truffle	 plantations	 have	 achieved	 unprecedented	 yields.	 The	
origin	 of	 the	 strain	 of	 T.	 crotocinigenum	 observed	 in	 this	 study	 is	 unknown.	 Certainly,	 T.	
crotocinigenum	 has	 been	 previously	 reported	 within	 Australia,	 but	 not	 within	 Western	
Australia.	Furthermore,	there	is	a	risk	that	introduced	fungicolous	fungi	may	become	a	threat	
to	 the	 biodiversity	 of	 native	 macro-fungi,	 the	 consideration	 of	 which	 is	 often	 neglected	 in	
national	 biosecurity	 and	 conservation	 policy.	 For	 these	 reasons	 it	 would	 be	 prudent	 to	
recommend	 that	 future	 development	 of	 the	 Australian	 truffle	 industry	 only	 use	 locally	
produced	or	certified	inoculum	in	order	to	avoid	any	further	unwanted	introductions.	
Little	 is	 known	 about	 how	 environmental	 and	 edaphic	 conditions	 influence	 soil	 microbial	
communities,	and	how	these	might	impact	ascocarp	development.	If	the	ascocarp	microbiome	
performs	 important	 functional	 roles,	 the	 conditions	 that	 influence	 their	 abundance	 or	







Irrigation of truffle plantations 
The	data	presented	 in	 this	 thesis	 suggests	 that	 the	ascocarp	 is	 robust	 to	 large	differences	 in	





no	 negative	 impacts	 on	 ascocarp	 production	 were	 observed	 between	 treatments	 receiving	
100%	or	50%	of	ETc,	or	when	water	was	suppled	at	weekly	versus	monthly	 intervals.	 Indeed,	
monthly	irrigation	was	associated	with	an	increase	in	the	proportion	of	productive	trees,	and	
an	 increase	 in	ascocarp	size	 in	2011.	However	 these	treatments	were	associated	with	strong	
soil	moisture	 deficits,	 regularly	 approaching	 the	wilting	 point.	 This	 suggests	 that	 the	 fungus	






reach	 the	wilting	point.	 Therefore,	 for	optimal	plant	productivity,	 it	 is	necessary	 to	maintain	
water	 availability	 within	 a	 much	 narrower	 range.	 This	 is	 the	 commonly	 termed	 ‘readily	
available	water’	 (RAW).	Because	plants	 respond	differently	 to	water	deficits,	 the	RAW	varies	
between	 plant	 species.	 Tombesi	 (1994)	 demonstrated	 that	 the	 assimilation	 of	 C.	 avellana	
declines	 steeply	 after	 moisture	 levels	 fall	 below	 60%	 of	 the	 total	 available	 water,	 which	 is	
consistent	with	a	 sensitivity	 to	moisture	deficit	 (Allen	et	al.	 1998;	 Tombesi	 1994).	 Studies	of	
hazelnut	 production	 have	 shown	 that	 nut	 yield	 is	 particularly	 sensitive	 to	 moisture	 deficits	
during	 the	 period	 just	 prior	 to	 fertilisation,	 until	 kernel	 filling	 (late	 May	 to	 mid-July	 in	 the	
Northern	 Hemisphere;	 Mingeau	 et	 al.	 1994).	 However	 the	 relevance	 of	 this	 to	 truffle	
production	 is	 not	 known.	 Indeed	 moisture	 deficits	 that	 interrupt	 nut	 production	 could	 be	
beneficial	to	ascocarp	production.	By	removing	a	large	C	sink,	targeted	moisture	deficit	could	
free	C	so	that	it	may	be	directed	to	other	areas	(Mingeau	et	al.	1994),	such	as	the	production	
of	 ascocarps.	 Furthermore,	 moisture	 deficits	 could	 induce	 an	 increased	 below-ground	 C	
allocation,	 in	order	to	 improve	water	acquisition	and	transport	 in	accordance	with	functional	







Figure	 8.1:	 A	 theoretical	 model	 of	 water,	 oxygen	 and	 carbon	 dynamics	 with	 reducing	 water	
availability,	assuming	the	presence	of	hydraulic	lift.	Deep-water	is	defined	as	water	
that	 is	 available	 to	 the	 host	 tree	 but	 not	 directly	 accessible	 by	 the	 fungus,	 this	 is	
distinguished	 from	 shallow-water	 which	 is	 available	 to	 both	 the	 tree	 and	 fungus.	
High	 levels	 of	 water	 availability	 result	 in	 maximum	 C	 assimilation,	 with	 a	 small	
fraction	allocated	to	the	root	system.	Low	oxygen	availability	limits	the	formation	of	
hypogeous	 ascocarps;	 most	 ascocarps	 produced	 are	 erumpent	 and	 vulnerable	 to	
pest	and	disease.	Both	the	tree	and	ascocarp	obtain	sufficient	water	directly	 from	
available	 shallow-water	 without	 the	 requirement	 of	 deep-water	 utilisation.	 With	
decreasing	 availability	 of	 shallow	 water,	 the	 oxygen	 requirement	 of	 hypogeous	
ascocarps	 is	 satisfied.	 Total	 C	 assimilation	 is	 reduced	 but	 a	 greater	 proportion	 of	
that	 is	 allocated	 below-ground.	 Reduced	 shallow-water	 availability	 results	 in	
increasing	 reliance	 on	 deep-water	 for	 tree	 and	 ascocarp	 growth.	 With	 the	
exhaustion	 of	 shallow-water	 the	 tree	 and	 ascocarp	 are	 entirely	 reliant	 on	 	 deep-
water,	which	is	insufficient	to	balance	evaporative	demand	of	erumpent	ascocarps.	
Carbon	 assimilation	 is	 again	 reduced,	 but	 the	 greatest	 proportion	 is	 allocated	
below-ground.	With	 increased	drought,	water	 loss	 from	the	ascocarp	to	the	soil	 is	








to	 drought	 events.	 However,	 the	 implications	 of	 this	 on	 truffle	 production	 have	 not	 been	
adequately	 investigated.	Compared	 to	C.	avellana,	Quercus	 ilex	 is	known	to	 tolerate	drought	
by	 maintaining	 stomatal	 conductance	 at	 much	 lower	 levels	 of	 soil	 and	 leaf	 water	 potential	
(David	 et	 al.	 2007;	 Urli	 et	 al.	 2015).	 Therefore,	 this	 species	 may	 have	 advantages	 over	 C.	
avellana	 for	 ascocarp	 cultivation	 by	 maintaining	 greater	 C	 assimilation	 at	 low	 soil	 moisture	
potentials.	 Furthermore,	 Corylus	 avellana	 is	 generally	 regarded	 as	 shallow	 rooted.	 This	
contrasts	with	 oak	host	 species	 such	 as	Q.	 robur	 and	 in	 particular	Q.	 ilex,	which	 are	 able	 to	
access	deep	water	reserves,	making	them	less	vulnerable	to	severe	drought	events	(David	et	
al.	 2007;	Urli	et	al.	 2015).	 	Under	 severe	drought	conditions,	 cavitation	can	occur	within	 the	
xylem,	 forming	 emboli	 that	 block	 xylem	 from	 further	 conducting	water.	 The	 ability	 to	 resist	
cavitation	 can	 be	 used	 as	 an	 indicator	 of	 drought	 resilience	 (Brodribb	 &	 Cochard	 2009),	




for	 optimum	ascocarp	 production	may	 potentially	 vary	 considerably	with	 the	 choice	 of	 host	
tree.		
Few	attempts	have	been	made	to	determine	a	critical	moisture	threshold	for	the	ascocarp.	Le	
Tacon	et	al.	 (1982)	 suggested	 that	 soil	moisture	 should	be	maintained	above	 -310	kPa,	after	
trials	 with	Q.	 langousa	 as	 a	 host	 species.	 A	 trial	 by	 Fischer	 &	 Colinas	 (2013)	 indicated	 that	
ascocarps	benefited	 from	1-2	weeks	with	 a	moisture	potential	within	 the	 range	of	 -500	 to	 -
1000	kPa	when	growth	with	Q.	 ilex.	 In	 the	 irrigation	experiments	 reported	 in	Chapter	6,	 soil	
moisture	 levels	 in	 the	monthly	 treatment	 fell	 below	 -1500	 kPa	 to	 a	 depth	 of	 50	 cm	 during	
January	and	February,	without	negative	consequences	for	ascocarp	quality	or	productivity.		
Lacking	the	ability	to	regulate	water	loss,	many	fungal	sporocarps	are	sensitive	to	drought.	It	is	
puzzling	 how	T.	melanosporum	 ascocarps	 acquire	water	 in	 dry	 soils,	 particularly	 considering	
they	are	connected	to	a	 large	sink	demand	 in	the	form	of	the	tree.	Notwithstanding	the	fact	
that	host	C	is	delivered	to	the	ascocarp	in	water,	it	is	unknown	to	what	extent	water	is	derived	
independently	 through	 EMM	or	 from	 the	 host	 via	 the	mycorrhizae.	 Temporal	 separation	 of	
water	flow	may	be	involved	in	a	process	known	as	hydraulic	lift	(Querejeta	et	al.	2003).	During	
daylight	 hours,	 stomata	 open,	 creating	 a	 large	moisture	 potential	 gradient	 that	 pulls	 water	




demand.	However,	 a	potential	 gradient	may	 still	 exist	within	 the	 root	 system	 if	 the	 tree	has	
access	to	deep	water	sources.	This	can	result	in	the	redistribution	of	water	from	deeper	roots	
up	 to	 drier	 surface	 roots	 (Caldwell	 et	 al.	 1998).	 The	 utilisation	 of	 deep	 water	 sources	 for	
ectomycorrhizal	 sporocarp	 development	was	 demonstrated	 by	 Lilleskov	 et	 al.	 (2009).	 These	
authors	 used	 the	 relative	 abundance	of	 natural	oxygen isotopes	 to	 show	 that	Boletus	 edulis	
sporocarps	 received	 water	 from	 deep	 soil	 sources	 (>30	 cm)	 during	 a	 late	 summer	 drought.	
They	were,	 however,	 unable	 to	 determine	 if	 the	water	was	 drawn	 directly	 from	 the	 soil	 or	
through	the	tree	roots	via	hydraulic	 lift.	Tuber	melanosporum	differs	 from	B.	edulis	 in	 that	 it	
does	 not	 form	 differentiated	 hyphal	 transport	 structures	 like	 rhizomorphs.	 It	 is	 unknown	 if	
distributed	mycelial	 networks	 such	 as	 those	 possessed	 by	 T.	melanosporum	 could	 transport	
water	in	the	quantities,	or	across	the	distances,	required	by	the	ascocarp	independently	of	the	
tree.	However	 several	 authors	have	noted	 that	 access	 to	deep	water	 sources	 is	 a	 feature	of	
highly	productive	sites	(Castrignanò	et	al.	2000;	Delmas	1978).		
The	 critical	 threshold	 of	 ascocarp	 development	 may	 change	 depending	 on	 the	 stage	 of	 its	




Is hypoxia driving the rot problem at the study site? 




in	 which	 the	 availability	 of	 O2 is	 insufficient	 to	 meet	 the	 needs	 of	 a	 crop,	 in	 this	 case	 the	
ascocarp.	The	ability	of	the	soil	to	supply	O2 is	a	function	of	the	soil	air-filled	porosity	and	the	
size	 and	 connectivity	 of	 those	 pores	 with	 the	 atmosphere.	 Both	 factors	 are	 inversely	
proportional	 to	 the	 amount	 of	 water	 in	 the	 soil	 (Lal	 &	 Shukla	 2004).	 On	 a	micro	 scale,	 the	
diffusion	of	O2	from	pore	spaces	to	O2 sinks	is	limited	by	the	rate	of	diffusion	across	the	liquid	
phase,	 the	 thickness	of	which	 increases	with	water	 content.	Both	 reducing	 the	 soil	moisture	
content	 and	 soil	 density	 results	 in	 increased	 air-filled	 porosity,	 resulting	 in	 improved	 gas	
exchange	with	the	atmosphere.	This	suggests	that	hypoxia	may	be	impeding	the	development	






of	 integrating	water	availability	with	associated	physical	 limitations	 such	as	 soil	aeration	and	
soil	strength.	da	Silva	et	al.	 (1994)	further	developed	this	concept,	and	refer	to	‘least	 limiting	
water	 range’	 (LLWR).	 They	 defined	 the	 critical	 limits	 of	 the	 LLWR	 as	 water	 content	 at	 field	
capacity ,	wilting	 point,	 air-filled	 porosity	 <10%,	 and	 penetration	 resistance	 >2	MPa.	 Cary	&	
Hayden	(1973)	proposed	that,	for	O2 sensitive	plants	like	potatoes,	a	critical	threshold	closer	to	
15%	 could	 be	 more	 appropriate.	 Given	 that	 the	 post-harvest	 respiration	 rate	 of	 the	 truffle	
ascocarp	 is	 greater	 than	 that	 of	 potatoes	 (Chapter	 6),	 the	 critical	 aeration	 threshold	 of	 the	
ascocarp	may	well	 be	 higher	 again.	However,	 use	 of	 a	 static	 value	 of	 air-filled	 porosity	 as	 a	
critical	 threshold	 for	 aeration	 is	 often	 criticized	 for	 being	 somewhat	 arbitrary	 and	 not	
accounting	for	the	variation	associated	with	differences	 in	plant	O2	requirements,	soil	depth,	
soil	respiration	rate	and	soil	pore	size	distribution	(Cook	et	al.	2013;	Mohammadi	et	al.	2010).	
However,	 it	 is	widely	used	because	of	 the	difficulties	 in	defining	 critical	O2 requirements	 for	
individual	crops.		
The	adaptation	of	 concepts	 like	 the	 LLWR	and	RAW	to	 truffle	 cultivation	could	greatly	assist	
truffle	growers	in	managing	soil	structure	and	irrigation	for	optimum	truffle	quality.	Silva	et	al.	
(2015)	combines	the	two	concepts	to	define	optimum	conditions	for	coffee	(Coffea	arabica	L.) 
production,	 substituting	 the	 lower	 limit	 of	 RAW	 into	 the	 LLWR.	 A	 similar	 concept	 could	 be	
applied	 to	 truffles	 where	 the	 lower	 range	 is	 defined	 by	 either	 the	 tree	 or	 fungal	 water	
requirement,	whichever	 is	 greatest,	 and	where	 the	 upper	 limit	 is	 set	 by	 the	 truffle	 aeration	
requirement.	 It	 may	 also	 be	 possible	 to	 define	 the	 limit	 for	 soil	 strength,	 set	 at	 the	 point	
ascocarp	 shape	 deformations	 occur	 (Chapter	 7).	 This	 would	 give	 growers	 a	 guideline	 to	
manage	 irrigation	 and	 aeration	 requirement	 of	 truffles,	 accounting	 for	 the	 specific	 soil	
conditions	at	their	site.	
Unlike	 the	 lower	 moisture	 threshold,	 it	 is	 difficult	 to	 set	 the	 upper	 moisture	 limit	 when	
irrigating.	 The	 degree	 of	 saturation	 attained	 during	 irrigation	 will	 be	 fixed	 according	 to	 the	
relationship	between	soil	hydraulic	conductivity	and	the	sprinkler	application	rate.	Therefore,	
in	most	 soils,	 irrigation	 events	will	 result	 in	 soils	 temporarily	 exceeding	 the	 critical	 aeration	
threshold.	As	 such,	more	 frequent	 irrigation	events	will	 increase	 the	period	of	 time	 in	which	
the	 soil	 is	 near	 aeration	 threshold.	 This	 in	 turn	 may	 potentially	 lead	 to	 erumpent	 truffle	
formation	 and,	 subsequently,	 increased	 incidence	 of	 truffle	 rot.	 In	 order	 to	 reduce	 the	
frequency	 of	 irrigation,	 growers	 must	 reduce	 tree	 water	 use,	 either	 through	 pruning	 or	
thinning	 of	 trees,	 or	 the	 use	 of	 regulated	 deficit	 irrigation	 practices.	 Alternatively,	 at	






Alternatively,	 increasing	 the	 soil	 porosity,	 or	 macro-porosity	 through	 management	 of	 soil	
structure	could	also	reduce	the	risk	of	ascocarps	developing	hypoxia	after	irrigation.	Tisdall	&	
Oades	 (1982)	 presented	 a	 hierarchical	model	 to	 describe	 the	 organisation	 of	 soil	 aggregate	
structure.	 It	describes	the	origin	of	soil	aggregates	from	primary	particles	though	the	binding	
action	 of	 organic	 debris	 and	 exudates	 as	 well	 as	 inorganic	 precipitates	 like	 carbonates,	
phosphates,	oxides	and	hydroxides.	They	suggest	that	the	dominant	bonding	materials	change	
as	the	size	of	the	aggregates	increases.	Micro-aggregates	(<250	μm)	being	primarily	bonded	by	
recalcitrant	organic	materials,	 clays	and	polyvalent	 cations	 (Edwards	&	Bremner	1967),	 form	
relatively	stable	persistent	bonds.	With	increasing	size,	larger	macro-aggregates	(>250	μm)	are	
progressively	 bonded	 by	 younger,	 transient	 (plant	 and	 microbially	 derived	 polysaccharides)	
and	 temporary	 (root	and	hyphal	networks)	binding	agents	 (Jastrow	et	al.	 1996;	Oades	1984;	
Tisdall	&	Oades	1982).		
Through	the	action	of	the	burn,	the	fungus	causes	alterations	in	the	soil	structure,	reducing	the	
abundance	of	 large	macro-aggregates	 (>2000	μm)	and	 increasing	 the	abundance	of	medium	
sized	macro-aggregates	 (250-2000	μm;	 Lulli	et	al.	 1999;	Panini	et	al.	 1993).	 The	 result	 is	 the	
typical	soft	soil	with	high	macro-porosity	and	reduced	C	content.	Panini	et	al.	(1993)	suggested	
that	 the	 lack	 of	 vegetation	 within	 the	 burn reduced	 the	 abundance	 of	 temporary	 binding	
agents,	 resulted	 in	 higher	 soil	moisture	 contents	 and	 increased	 penetration	 of	 frosts.	 Using	
non-burn soils	 in	the	laboratory,	Bragato	(2014)	showed	that	freeze-thaw	cycles	resulted	in	a	
disruption	 of	 the	 larger	 aggregates	 into	medium	 sized	 aggregates,	 without	 a	 corresponding	
increase	 in	 micro-aggregates	 when	 soils	 were	 adjusted	 to	 field	 capacity.	 This	 resulted	 in	 a	
highly	porous	soil	structure	equivalent	to	that	found	within	the	burn.	Bragato	(2014)	suggested	
that	the	freeze-thaw	process,	in	the	absence	of	vegetation,	was	instrumental	in	developing	the	
aggregate	 structure	 and	 high	macro-porosity	 that	 is	 characteristic	 of	 truffle	 producing	 soils.	
West	Australian	truffle-growing	regions	seldom	reach	the	minimum	temperatures	observed	in	
Europe	(Bradshaw	2005).	Frosts	are	relatively	rare	and	generally	don’t	penetrate	into	the	soil.	
Hence,	 these	 plantations	 may	 lack	 one	 of	 the	 natural	 processes	 by	 which	 truffle-producing	
soils	 obtain	 their	 loose	 porous	 structure.	 Therefore,	 soil	 tillage	may	 be	 an	 essential	 tool	 to	
establish	ideal	soil	conditions	for	truffle	cultivation	in	Western	Australia.		
Soil	tillage	is	clearly	highly	effective	at	increasing	soil	macro-porosity	in	the	short	term,	but	the	
long	 term	 effects	 are	 generally	 negative	 (Bronick	 &	 Lal	 2005).	 Repeated	 use	 of	 soil	 tillage	





more	 rapid	 in	 warmer	 climates	 such	 as	 Australia	 (Dalal	 &	 Chan	 2001).	 The	 resulting	 fine	
particles	 and	 micro-aggregates	 can	 reconsolidate	 and	 clog	 the	 macro-pores,	 eventually	
reducing	 porosity	 and	 hydraulic	 conductivity	 within	 the	 soil.	 The	 rotary	 hoe	 in	 particular	 is	
criticized	 for	 the	mixing	 of	 surface	 and	 subsurface	 soil	 horizons	 (resulting	 in	 the	 dilution	 of	
organic	matter	 content),	 excessive	 disruption	 of	 soil	 aggregates	 as	well	 as	 the	 creation	 of	 a	
plow-pan	below	the	blades,	which	 impedes	drainage.	Thus,	 the	use	of	soil	 tillage	 to	create	a	
porous	aggregate	soil	 structure	within	 the	burn is	unlikely	 to	be	a	 long-term	solution.	This	 is	
particularly	 the	 case	 in	 Australia,	 where	 high	 annual	 temperatures	 promote	 rapid	
mineralisation	of	organic	material.		
In	 addition	 to	 the	 negative	 effects	 on	 soil	 structure,	 traditional	 methods	 of	 soil	 tillage	 are	
highly	disruptive	to	the	tree	root	system.	The	severing	or	injuring	of	high	order	lateral	roots	of	
established	 trees	 may	 significantly	 alter	 the	 root:shoot	 balance,	 interrupting	 nutrient	 and	
water	 uptake	 in	 the	 tree.	 This	 could	 cause	 long-term	damage	 to	 the	 host	 tree	 and	 result	 in	








temperature	 extremes.	 Without	 equivalent	 processes	 to	 build	 soil	 structure	 and	 input	 C	 in	
order	to	balance	this	loss,	these	soils	risk	structural	decline	over	time.	The	extent	to	which	the	
aggregate	 forming	 capacity	of	 the	 tree	 roots	 and	mycorrhizal	 EMM	can	 compensate	 for	 this	
loss	is	unknown.	However,	Oades	(1993)	suggests	that	monocots	are	generally	more	effective	
proponents	of	soil	aggregation	than	dicot	species.	
	A	 number	 of	 authors	 have	 noted	 the	 role	 of	 soil	 meso-fauna,	 particularly	 earthworms	 and	
ants,	 in	the	creation	of	soil	aggregation	and	biopores	in	natural	truffle	beds	(Alonso	Ponce	et	
al.	 2014;	 García-Montero	 et	 al.	 2013;	 Lulli	 et	 al.	 1999;	 Pargney	 et	 al.	 2008;	 Sourzat	 2002).	
Sourzat	 (2002)	 claims	 that	 adequate	 levels	 of	 soil	 porosity	 can	 be	 maintained,	 without	 the	
need	for	soil	tillage,	through	soil	biological	activity,	by	the	provision	of	soil	shading	and	organic	
























we	 developed	 the	 hypothesis	 that	 hypoxia	 is	 a	 key	 driver	 of	 the	 increased	 incidence	 of	
erumpent	ascocarps	as	well	as	a	stressor	leading	to	the	rot	of	hypogeous	truffles.	Therefore,	it	
is	postulated	that	the	climatic	conditions	 in	Manjimup	may	help	to	explain	the	occurrence	of	
such	a	high	 incidence	of	 rot	 in	 the	region.	Bradshaw	(2005)	 found	that	 the	Manjimup	region	
typically	 had	 a	 higher	 average	 winter	 temperatures	 than	 typical	 European	 truffle	 growing	
regions.	This	higher	temperature	may	cause	increased	sensitivity	to	hypoxia	by	increasing	the	
ascocarp	respiration	rate	and,	in	turn,	increasing	its	O2 demand.	This	may	be	compounded	by	
the	 dominant	 winter	 rainfall	 pattern	 present	 in	 the	 Manjimup	 region	 (Chapter	 3).	 Seventy	
percent	of	the	997	mm	annual	rainfall	occurs	in	the	autumn	and	winter	months.	In	addition	to	
this,	 warmer	 conditions	 and	 a	 low	 incidence	 of	 frosts	 may	 favour	 the	 proliferation	 of	
invertebrate	pests,	adding	 further	stress	 to	 the	ascocarps	and	acting	as	vectors	 for	microbial	
disease.	 Therefore,	 the	 Manjimup	 climate	 may	 be	 particularly	 prone	 to	 pest	 and	 disease	
problems.	
	Climate	 change	 models	 for	 the	 south-west	 region	 of	 WA	 forecast	 (with	 a	 high	 degree	 of	
confidence)	 that	 winter	 temperatures	 will	 increase	 (Hope	 et	 al.	 2015).	 Higher	 winter	




importance	 of	 soil	 aeration.	 Increasing	 temperatures	 may	 also	 have	 consequences	 on	 the	
organoleptic	 quality	 of	 the	 ascocarp,	 influencing	 its	 biochemical	 processes	 and	 microbial	
diversity.	However,	climate	change	is	also	predicted	to	reduce	winter	rainfall,	which	may	help	








the	 temperature	 and	 evaporation	 threshold	 tolerated	 by	 C.	 avellana.	 Further	 increases	 in	





From where does the ascocarp get its water? 
The	remarkable	capability	of	 the	ascocarp	to	survive	periods	of	extreme	soil	moisture	deficit	
suggests	 that	 it	 has	 an	 ability	 to	 access	 ground	 water	 sources.	 Because	 of	 the	 natural	
divergence	in	stable	O2 isotope	abundances,	it	is	possible	to	discriminate	between	surface	and	
ground	water	 sources	used	by	 the	ascocarp	as	 in	 Lilleskov	et	al.	 (2009).	Alternatively,	 tracer	
dyes	or	3H	isotope	labelling	could	be	used	to	trace	the	movement	of	water	from	the	host	tree	
to	the	ascocarp	(Egerton-Warburton	et	al.	2007;	Hawkins	et	al.	2009).	The	availability	of	data	
logging	 psychrometers	 provides	 the	 ability	 to	 investigate	 of	 the	 temporal	 dynamics	 of	 the	
water	potential	gradient	within	the	soil:plant:ascocarp	system	to	determine	if	and	when	water	
gain	by	hydraulic	lift	occurs.	The	alignment	of	this	data	with	high-resolution	temporal	logging	
of	 truffle	 size	 could	 greatly	 improve	 the	 estimates	 of	 the	 critical	 moisture	 threshold	 for	
optimum	truffle	growth.		
A	 better	 understanding	 of	 hydraulic	 lift	 would	 have	 important	 implications	 for	 irrigation	







of	 the	root	system	at	a	 time,	while	providing	the	 individual	ascocarps	with	extended	periods	
between	saturation	events.		
The	ability	of	hydraulic	lift	to	supply	water	to	the	ascocarp	could	be	influenced	by	the	species	
of	 its	 host	 tree.	 Hydraulic	 lift	 occurs	 through	 a	 water	 potential	 gradient	 between	 roots	 in	
contact	 with	 deep-water	 sources	 and	 roots	 (or	 an	 ascocarp)	 in	 the	 dry	 soil.	 Therefore	 the	
ascocarp	must	be	able	to	maintain	a	lower	water	potential	than	that	of	the	host’s	root	system.	




hosted	 by	 C.	 avellana	 compared	 to	 Q.	 ilex.	 On	 the	 other	 hand,	 hazels	 are	 known	 to	 be	
relatively	shallow	rooted,	with	less	potential	to	access	ground-water	reserves	than	the	deeper	
root	oak	species.	This	would	have	 important	 implications	on	 the	choice	of	host	 tree	and	 the	
ability	to	match	host	with	soil	and	water	availability	at	a	chosen	plantation	site.	
What is the aeration threshold for ascocarps? 
A	 number	 of	 attempts	 have	 been	 made	 to	 improve	 upon	 the	 static	 10%	 air-filled	 porosity	
threshold	for	plant	crops	used	by	Letey	to	define	the	LLWR	by	accounting	for	factors	such	as	
pore	 size	 distribution,	 soil	 depth	 and	 crop	 O2	 consumption	 rate	 (Bartholomeus	 et	 al.	 2008;	
Cook	et	 al.	 2013;	Mohammadi	et	 al.	 2010).	 However,	 it	 is	 not	 clear	 how	well	 these	models	
would	 transfer	 from	plant	 roots	 to	 the	 fungal	 ascocarp.	 The	 larger	 size	of	 the	 ascocarp	may	
invalidate	a	number	of	assumptions	implicit	in	such	a	model	for	instance	the	effect	of	the	size	
of	the	liquid	layer,	which	is	often	the	rate-limiting	step	in	soil	O2 diffusion.	Also,	the	rate	of	O2	
diffusion	 through	 the	 gleba	 into	 the	 central	 tissue	 needs	 to	 be	 determined.	 Detailed	
monitoring	 of	 the	 physical	 properties	 of	 soil	 during	 reconsolidation	 after	 tillage	 and	 the	
subsequent	effects	on	truffle	quality	would	allow	physical	thresholds	to	be	established	and	the	
validation	of	theoretical	models	with	field	data.		
Sustainable soil structural management in Australian truffières 
The	maintenance	of	a	stable,	porous	soil	structure	 is	critical	 to	the	sustainable	production	of	
high-quality	ascocarps.	While	soil	 tillage	 is	highly	effective	 in	 improving	soil	conditions	 in	 the	









European	burns	 to	better	understand	 the	soil-carbon	balance	and	how	soil	 structure	evolves	
over	 time	 in	 the	 natural	 setting.	 It	 is	 not	 clear	 if	 a	 stable	 structure	 conducive	 to	 T.	
melanosporum	 fructification	 can	 be	 maintained	 indefinitely,	 or	 whether	 the	 ideal	 soil	
conditions	 represent	 a	 transient	 step	 in	 ecosystem	 succession.	 Studies	 should	 additionally	
investigate	the	efficacy	of	alternative	tillage	equipment	such	as	rotating	corers,	vibrating	tines,	
slot	 drainage	 and	 compressed	 air	 injection	 which	 have	 been	 developed	 for	 the	 turf	 and	
arboriculture	industries	for	soil	de-compaction	without	aggressive	disturbance	of	root	systems	
(e.g.	Atkinson	et	al.	2012;	Fite	et	al.	2011;	Miyamoto	et	al.	2008;	Smiley	2001).		
Soil and plant nutrition in T. melanosporum culture 
The	role	of	nutrition	and	fertiliser	application	in	truffle	production	is	a	conspicuous	absence	in	
the	scientific	 literature,	particularly	when	considering	 the	central	 role	of	mycorrhizal	 fungi	 in	




As	 a	 result,	 this	 line	 of	 research	 could	 not	 be	 pursued	 further,	 however,	 these	 results	 are	
deserving	of	further	investigation.	
Work	 by	 Zeller	 et	 al.	 (2008)	 and	 Le	 Tacon	 et	 al.	 (2013,	 2015b)	 have	 demonstrated	 that	 the	




et	 al.	 1996).	 The	 role	 of	 nutrient	 availability	 in	 host	 plant	 growth,	 C	 assimilation	 and	 C	
partitioning	is	something	which	could	be	further	investigated	through	simple	nutrient	addition	
studies	in	pot	trials	 in	order	to	develop	a	model	understanding	of	N:P:C	trade	and	balance	in	
the	 truffle:host	system.	The	use	of	stoichiometric	models,	 such	as	 that	proposed	by	 Johnson	
(2010)	for	AM	symbiosis	would	provide	a	good	starting	point.	Additionally,	the	application	of	
quantitative	 analysis	 of	 EMM	 production	 and	 gene	 expression	 at	 the	 mycorrhizal	 interface	
would	provide	valuable	insight	into	the	effects	of	nutrition	on	assimilatory	pathways	and	their	
regulation,	 and	 avoid	 the	 pitfalls	 of	 relying	 on	 ascocarp	 productivity	 as	 the	 sole	measure	 of	
mycorrhizal	 biomass	 C	 partitioning.	 Once	 a	 model	 understanding	 has	 been	 developed,	
experimentation	 could	 be	 transferred	 into	 the	 field	 to	 determine	how	 the	 findings	 relate	 to	
ascocarp	 productivity	 in	 a	 mature	 plantation	 setting.	 There	 are	 few	 statistically	 rigorous	




sufficiency.	 It	 is	 clear	 that	more	detailed	work	examining	 the	nutritional	 status	and	cycles	 in	























0%/50% 54.95 ± 6.15 55.84 ± 4.74 84.28 ± 6.12 
50%/50% 46.65 ± 7.18 78.75 ± 6.59 86.47 ± 4.19 
100%/100% 39.41 ± 6.72 80.58 ± 4.88 81.47 ± 5.58 






Figure	 III.1:	Monthly	 gravimetric	 soil	moisture	 content	 (g	 g-1)	 at	 different	 depths	 from	 each	
irrigation	treatment	(n	=	6).	Data	are	means	(plotted	in	Figure	6.11)	± standard error. 	
Interval	 Rate	 Depth	 December	 January	 February	 March	 April	
	 	 cm	 	 	 	 	 	
monthly 0%/50% 0 - 5 0.245	±	0.022	 0.153	±	0.022	 0.12	±	0.013	 0.147	±	0.021	 0.28	±	0.029	
monthly 0%/50% 5 - 10 0.261	±	0.017	 0.22	±	0.021	 0.211	±	0.019	 0.201	±	0.022	 0.26	±	0.027	
monthly 0%/50% 10 - 20 0.243	±	0.016	 0.197	±	0.011	 0.199	±	0.009	 0.201	±	0.013	 0.224	±	0.019	
monthly 0%/50% 20 - 50 0.210	±	0.018	 0.167	±	0.012	 0.165	±	0.011	 0.171	±	0.016	 0.184	±	0.015	
monthly 100%/100% 0 - 5 0.284	±	0.029	 0.143	±	0.024	 0.154	±	0.022	 0.184	±	0.035	 0.343	±	0.034	
monthly 100%/100% 5 - 10 0.269	±	0.030	 0.186	±	0.016	 0.199	±	0.021	 0.213	±	0.026	 0.299	±	0.033	
monthly 100%/100% 10 - 20 0.235	±	0.028	 0.188	±	0.015	 0.203	±	0.019	 0.223	±	0.026	 0.288	±	0.037	
monthly 100%/100% 20 - 50 0.168	±	0.029	 0.164	±	0.014	 0.159	±	0.017	 0.189	±	0.029	 0.214	±	0.01	
monthly 50%/50% 0 - 5 0.270	±	0.039	 0.132	±	0.038	 0.155	±	0.025	 0.137	±	0.029	 0.282	±	0.022	
monthly 50%/50% 5 - 10 0.242	±	0.031	 0.182	±	0.026	 0.192	±	0.016	 0.173	±	0.02	 0.248	±	0.02	
monthly 50%/50% 10 - 20 0.238	±	0.031	 0.194	±	0.024	 0.197	±	0.014	 0.182	±	0.018	 0.224	±	0.021	
monthly 50%/50% 20 - 50 0.183	±	0.029	 0.159	±	0.018	 0.174	±	0.019	 0.157	±	0.014	 0.17	±	0.018	
monthly 9%/37% 0 - 5 0.247	±	0.033	 0.123	±	0.017	 0.152	±	0.024	 0.143	±	0.024	 0.267	±	0.024	
monthly 9%/37% 5 - 10 0.244	±	0.027	 0.177	±	0.02	 0.195	±	0.018	 0.186	±	0.017	 0.234	±	0.02	
monthly 9%/37% 10 - 20 0.231	±	0.025	 0.197	±	0.02	 0.204	±	0.016	 0.207	±	0.024	 0.216	±	0.024	
monthly 9%/37% 20 - 50 0.190	±	0.018	 0.179	±	0.02	 0.169	±	0.013	 0.186	±	0.023	 0.181	±	0.024	
weekly 0%/50% 0 - 5 0.294	±	0.031	 0.215	±	0.026	 0.196	±	0.027	 0.236	±	0.028	 0.274	±	0.016	
weekly 0%/50% 5 - 10 0.267	±	0.027	 0.234	±	0.03	 0.214	±	0.023	 0.232	±	0.024	 0.249	±	0.02	
weekly 0%/50% 10 - 20 0.260	±	0.035	 0.227	±	0.025	 0.213	±	0.028	 0.217	±	0.022	 0.232	±	0.021	
weekly 0%/50% 20 - 50 0.224	±	0.036	 0.182	±	0.025	 0.176	±	0.023	 0.154	±	0.018	 0.188	±	0.017	
weekly 100%/100% 0 - 5 0.284	±	0.038	 0.256	±	0.031	 0.309	±	0.026	 0.298	±	0.042	 0.348	±	0.047	
weekly 100%/100% 5 - 10 0.244	±	0.026	 0.262	±	0.031	 0.289	±	0.026	 0.286	±	0.038	 0.303	±	0.037	
weekly 100%/100% 10 - 20 0.230	±	0.024	 0.261	±	0.031	 0.283	±	0.028	 0.28	±	0.039	 0.29	±	0.036	
weekly 100%/100% 20 - 50 0.193	±	0.027	 0.227	±	0.034	 0.222	±	0.022	 0.223	±	0.027	 0.233	±	0.034	
weekly 50%/50% 0 - 5 0.232	±	0.033	 0.193	±	0.015	 0.186	±	0.019	 0.197	±	0.016	 0.273	±	0.028	
weekly 50%/50% 5 - 10 0.226	±	0.024	 0.207	±	0.014	 0.205	±	0.016	 0.206	±	0.016	 0.239	±	0.03	
weekly 50%/50% 10 - 20 0.209	±	0.020	 0.195	±	0.013	 0.203	±	0.021	 0.192	±	0.015	 0.204	±	0.026	
weekly 50%/50% 20 - 50 0.177	±	0.022	 0.162	±	0.013	 0.163	±	0.015	 0.162	±	0.013	 0.158	±	0.015	
weekly 9%/37% 0 - 5 0.241	±	0.027	 0.18	±	0.022	 0.192	±	0.026	 0.177	±	0.01	 0.258	±	0.023	
weekly 9%/37% 5 - 10 0.238	±	0.020	 0.209	±	0.021	 0.214	±	0.019	 0.202	±	0.011	 0.234	±	0.018	
weekly 9%/37% 10 - 20 0.229	±	0.026	 0.212	±	0.024	 0.208	±	0.019	 0.192	±	0.014	 0.213	±	0.015	



















































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix V:   Truffle development phenology in Western Australia 
Truffle-growing	regions	of	Western	Australia	show	climatic	differences	to	the	traditional	truffle	
growing	regions	of	Europe	(Bradshaw	2005).	It	is	unknown	what	effect,	if	any,	this	has	on	the	
phenology	 of	 truffle	 fructification.	 The	 ontogenic	 sequence	 of	 the	 Tuber	 melanosporum	




season.	 The	 French	 season	 generally	 starts	 in	 early	 December,	whereas	 in	 Italy	 they	 do	 not	
come	on	to	the	market	until	late	December	(Brunacci	pers.	comm.)	
Sancholle	 et	 al.	 (1988)	 characterised	 6	 stages	 of	 ascocarp	 development	 based	 primarily	 on	
gross	 morphological	 features	 such	 as	 size,	 colour	 and	 aroma,	 as	 well	 as	 some	 cytological	
features.	However,	this	method	leaves	ambiguity	between	the	different	developmental	stages	
and	does	not	account	for	the	very	earliest	stages	of	ascocarp	formation,	which	are	difficult	to	
observe.	 Pacioni	 et	 al.	 (1995)	 describes	 a	 different	 6-stage	 development	 system	 which	 has	
since	 been	 further	 elaborated	 upon	 by	 Zarivi	 et	 al.	 (2015).	 Their	 system	 relies	 more	 on	
cytological	 features	 to	delineate	 the	different	phases	of	development.	 This	 system	has	been	
used	by	a	number	of	recent	authors,	and	will	be	used	herein.		
In	the	Pacioni-Zarivi	model,	stage	1	is	named	the	‘hyphal	stage’	and	begins	with	the	formation	
of	 undifferentiated	 hyphal	 pellets	 that	 evolve	 from	 the	 trichogyne,	 presumably	 after	
fertilization	 by	 the	 male	 gamete.	 As	 discussed	 in	 Chapter	 2,	 the	 early	 stages	 of	 ascocarp	
initiation	such	as	the	form	of	the	male	gamete	and	the	location	and	timing	of	plasmogamy	and	






















ascogenous	 hyphae	 can	 be	 observed	 within	 the	 fertile	 veins.	 This	 hyphae	 produces	 ascus	
mother	cells	 through	the	 formation	of	croziers,	which	 is	 typical	of	 the	Ascomycota	 (Parguey-
Leduc	et	al.	1990).	As	the	ascocarp	grows,	asci	and	ascospores	are	continually	produced.	They	
begin	 in	 the	 centre	 of	 the	 fertile	 veins,	 but	 progressively	 fill	 the	whole	 area	 and	 eventually	
compress	the	sterile	veins	at	maturity.	
Within	the	ascus	mother	cells,	karyogamy	occurs,	rapidly	followed	by	meiosis	and	one	or	more	
post-meiotic	 mitoses.	 This	 results	 in	 the	 formation	 of	 1	 to	 4	 multinucleate	 ascospores	 per	
ascus	(Le	Tacon	et	al.	2015a).	This	appearance	of	spores	within	the	asci	marks	the	beginning	of	
stage	 5.	 Spores	 are	 first	 observed	 as	 smooth	 walled,	 but	 gradually	 develop	 echinulate	
ornamentation.		
Stage	 6	 begins	 with	 the	 accumulation	 of	 dark	 pigment	 within	 the	 spore.	 At	 this	 stage	 the	
peridium	is	generally	brown	to	black	and	the	fertile	vein	of	 the	gleba	transitions	from	a	grey	
colour	to	black	as	an	increasing	proportion	of	the	spores	develop	the	dark	pigmentation.			
Biochemically,	 the	 early	 stages	 of	 ascocarp	 development	 are	 associated	 with	 a	 progressive	
reduction	 in	 their	 lipid	 content.	 This	 reflects	 a	 progressive	 increase	 in	 the	 predominance	 of	
sporal	structures	in	place	of	hyphal	structures	(Sancholle	et	al.	1988).	As	the	ascocarp	reaches	
it	 final	weight	 and	 the	 spores	begin	 to	mature,	 there	 is	 a	decline	 in	phospholipid	 and	 sterol	
content.	At	 the	 same	 time	 there	 is	 a	marked	 increase	 in	 carbohydrate	and	melanin	which	 is	
associated	 with	 the	 change	 from	membrane	 synthesis	 to	 spore	 wall	 formation	 (Harki	 et	 al.	
2006;	Sancholle	et	al.	1988).		
Several	 studies	have	examined	 the	 role	of	 tyrosinase	and	melanin	 synthesis	 during	 ascocarp	
development.	Ragnelli	et	al.	(1992)	found	that	tyrosinase	was	most	active	in	young	ascocarps	
and	 located	 in	 the	 peridium,	 hypothecium	 and	 fertile	 veins.	 In	mature	 ascocarps	 tyrosinase	
activity	 was	 absent.	 Purification	 of	 the	 tyrosinase	 revealed	 that	 the	 activity	 was	 reversibly	






tyrosinase	 gene	 (Tmeltyr)	 was	 progressively	 expressed	 between	 stages	 3	 and	 4.	 It	 was	
suggested	that	more	tyrosinase	was	required	to	maintain	enzyme	function	in	the	presence	of	
increasing	thiol-VOC’s	in	stages	4	and	5.	By	stage	6	tyrosinase	activity	and	Tmeltyr	mRNA	were	
virtually	 absent,	 reflecting	 the	 cessation	of	 spore	wall	 development	 and	a	peak	of	 thiol-VOC	
accumulation.		
Methodology 
Ascocarps	were	 collected	within	7	days	of	 the	beginning	of	 each	month	between	December	
and	 July	 in	 2010/2011	 and	 January	 to	 June	 in	 2012.	 Ascocarps	 were	 located	 by	 searching	
randomly	 selected	 rows	within	 the	 study	 site	 and	 searching	 for	 characteristic	 soil	 eruptions	
that	 indicated	 the	 presence	 ascocarps.	 Only	 healthy	 ascocarps	 were	 selected	 for	 analysis.	
ascocarps	were	washed	 under	 running	water	 and	 air-dried	 before	weighing.	 Photographs	 of	
the	internal	and	external	characteristics	were	taken.	Several	ca.	1	mm3	pieces	of	tissues	were	
taken	from	different	areas	of	the	gleba	and	fixed	in	glutaraldehyde	as	described	in	Chapter	5.	
Between	 2	 and	 6	 tissue	 pieces	 from	 each	 ascocarp	 were	 crush-mounted	 to	 examine	 ascus	
development.	From	each	tissue	piece,	200	or	more	acsi	 (where	present)	were	examined	and	
rated	 against	 one	 of	 4	 developmental	 stages:	 Empty,	 no	 spores	 present;	 developing,	 spores	
present	 with	 smooth	 walls	 or	 echinulate;	 immature,	 fully	 echinulate	 spores	 without	 dark	
pigmentation;	 mature,	 fully	 echinulate	 spores	 with	 mature	 dark	 brown	 pigmentation.	 One	

















































































































































































































































































































































































































































































































































3	Veined	 a-	 Gleba	 whitish-marbled	 and	 veins	 increasingly	 complex	 and	 compact	 in	










b-	 Asynchronous	 formation	 process	 of	 spore	 ornamentation	 (spines),	 still	
hyaline	(DRA).	
>3	cm	
6	Pigmented	 a-	 Progressive	 pigmentation	 of	 spores,	 with	 dark	 brown	 ascospores	 together	




















effort	was	 required	 to	 locate	 the	 very	 small	 ascocarps	 (the	 smallest	 <3	mm	 in	 diameter).	 In	
February,	 many	 more	 ascocarps	 are	 visible	 from	 the	 surface	 therefore	 there	 will	 be	 a	 bias	
towards	 the	 larger,	 more	 advanced	 ascocarps.	 The	 only	 other	 study	 to	 report	 ascocarp	
maturation	 stages	 during	 the	 summer	 period	 is	 that	 of	 Sancholle	 et	 al.	 (1988).	 They	 found	





From	 the	 limited	 dataset	 presented	 here,	 it	 appears	 as	 though	 there	may	 be	 differences	 in	
ascocarp	phenology	between	France	and	Italy.	The	Italian	studies	(Pacioni	et	al.	2014;	Zarivi	et	
al.	2015)	are	consistently	one	to	two	months	behind	those	in	France	(Antony-Babu	et	al.	2014;	
Le	 Tacon	 et	 al.	 2013;	 Sancholle	 et	 al.	 1988).	 However,	 further	 work	 would	 be	 required	 to	
confirm	this	observation.	Although	this	 is	consistent	with	observations	from	the	market,	that	
French	 truffles	 come	 to	 market	 before	 the	 Italian	 product	 (Brunacci	 pers.	 comm.)	 The	
ascocarps	 examined	 by	 Pacioni	 et	 al.	 (2014)	 were	 collected	 in	 various	 stages	 of	 decay	 or	
parasitisation,	which	may	have	inhibited	with	further	maturation,	therefore	these	samples	are	
probably	 unreliable.	 Antony-Babu	 et	 al.	 (2014)	 and	 Le	 Tacon	 et	 al.	 (2013)	 found	 stage	 6	
ascocarps	 in	 March	 and	 April,	 2	 and	 3	 months	 earlier	 than	 those	 reported	 in	 Australia,	





Southern	Hemisphere	 December	 January	 February	 March	 April	 May	 June	 July	 August	
Northern	Hemisphere	 June	 July	 August	 September	 October	 November	 December	 January	 February	
Current	Study	 3,4	 3,4	 5	 5	 5	 5	 6a,6b	 6a,6b,6c	 	
	 	 	 	 	 	 	 	 	 	
Zarivi	et	al.	(2015)	 1,2	 1,2,3	 3,4	 4,5	 5	 5,6	 6	 6	 6	
Antony-Babu	et	al.	
(2014)	 	 	 	 	 6a	 6a,b	 6b,c	 6c	 6	
Le	Tacon	et	al.	
(2013)	 	 	 	 5b,6a	 	 	 	 	 	
Pacioni	et	al.	(2014)	 	 	 	 	 4**	 	 	 	 	
Sancholle	et	al.	





This	 is	 similar	 to	 the	 pattern	 reported	 in	 Europe	 (Le	 Tacon	 et	 al.	 2013;	 Pacioni	 et	 al.	 2014;	











to	 that	 of	 France.	 However,	 there	 may	 be	 a	 difference	 between	 French	 and	 Italian	 grown	
ascocarps.	This	will	have	implications	for	the	timing	of	management	interventions,	developed	
in	Europe,	in	the	Manjimup	region.	The	data	suggest	primordia	initiation	in	Manjimup	begins	in	
October	 or	 November,	 however	 the	 length	 of	 the	 initiation	 period	 was	 unable	 to	 be	
determined.	 Future	work	 should	use	 the	wet-sieving	 techniques	of	Pacioni	&	Rosa	 (1985)	 to	
better	 define	 the	 primordia	 initiation	 period.	 Similar	 work	 is	 required	 in	 all	 truffle	 growing	
regions	 in	 order	 to	 put	 the	 results	 of	 published	 trials	 in	 the	 context	 of	 the	 ascocarp	
development	 cycle,	 and	 allow	 more	 accurate	 translation	 of	 cultivation	 techniques	 into	
different	areas.	In	the	future,	better	characterisation	of	the	physical	and	chemical	parameters	
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